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ABSTRACT 


The  physicochemical  properties  of  dioleoy lphosphatidy 1- 
glycerol  (DOPG) ,  d imy r i s t oy lphos pha t idy lg ly c er o 1  (DMPG)  and 
dipalmitoy lphosphat idylglycerol  (DPPG)  in  the  presence  and 
absence  of  Ca++  and  Mg++  were  examined  using  differential 
thermal  analysis  and  light  scattering.  The  thermal  behaviour 
of  the  sodium  salts  of  the  phosphat idy lglycerols  (PG)  was 
identical  to  that  of  the  corresponding  phosphatidylcholines. 
Increasing  the  divalent  cation:PG  ratio  up  to  1:2  resulted 
in  a  progressive  increase  in  transition  temperature  to  a 
maximum  20°C  above  the  transition  temperature  of  the  PG 
sodium  salt.  A  similar  increase  in  transition  temperature 
was  observed  on  conversion  of  the  PG  sodium  salts  to  their 
protonated  forms.  Hysteretic  behaviour  observed  during 
acid-base  titrations  of  DMPG-Na+  was  attributed  to  restricted 
accessibility  of  the  polar  head  groups  to  the  bulk  aqueous 
environment  under  titration  conditions. 

At  greater  than  a  1:2  ratio  of  Ca++:PG,  DPPG  and  DMPG 
formed  thermally  stable  complexes  with  transition  temperatures 
of  8  7  0  C  (DMPG-Ca++)  and  89°C  (DPPG-Ca++)  .  The  effect  of  Ca++ 

( > 1 ;  2 )  on  DOPG  was  less  dramatic  and  resulted  in  only  a  6°C 
increase  in  transition  temperature.  Mg++  was  not  as  effective 
as  Ca++  in  forming  stable  complexes  with  DMPG  and  DPPG.  The 
rate  of  formation  was  slower  and  the  PG-Mg  complexes  were 
less  stable  than  PG-Ca++  complexes.  The  rate  of  Ca 
conversion  of  DMPG  and  DPPG  to  stable  high-melting  complexes 


v 


was  inversely  related  to  the  length  of  the  acyl  chains. 

The  thermal  behaviour  of  binary  mixtures  of  synthetic 
phosphat idylglycerol  sodium  salts  (PG-Na+)  with  various 
synthetic  phosphatidylcholines  (PC)  was  examined  by  differ¬ 
ential  thermal  analysis  and  light  scattering.  When  the  acyl 
chains  of  the  PGNa  and  PC  components  were  identical,  highly 
cooperative  gel-liquid  crystalline  transitions  were  observed 
at  all  proportions,  indicative  of  almost  ideal  miscibility 
throughout  the  phase  diagram.  In  contrast,  mixing  of  PG-Na+ 

and  PC  with  different  chain  lengths  increased  the  transition 

24- 

width.  In  the  presence  of  Ca  ,  cooperatively  melting  mix¬ 
tures  were  formed  when  the  chain  length  of  the  PG  was  equal 
to  or  two  carbon  atoms  shorter  than  the  PC  but  cooperat ivi ty 
was  decreased  when  the  chain  length  of  the  PG  was  two  carbon 
atoms  longer  than  the  PC.  Greater  differences  in  chain  length 
or  mixing  saturated  and  unsaturated  chains  induced  phase 
separations . 

Binary  mixtures  with  identical  head  group  composition 
but  differing  in  acyl  chain  composition  and  phase  structure 
were  examined  for  activity  in  the  reaction: 

factor  X  ,  factor  V 

prothrombin  - thrombin 

phospholipid,  Ca 

Phospholipid  mixtures  in  the  gel  phase  at  the  reaction 
temperature  were  inert.  Higher  activity  was  manifested  by 
liquid-crystalline  mixtures  but  optimal  activity  was  observed 
with  mixtures  which  exhibited  lateral  phase  separation 
behaviour.  Correlation  of  these  results  with  established 
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information  on  lipid-protein  ( lipid-Ca^-prothromb in ,  lipid- 

■j-  -j- 

Ca  -Xa,  lipid-V)  and  protein-protein  ( Xa-pro thr omb in ,  Xa-V, 
prothrombin-V)  interactions  in  prothrombin  activation 
suggested  that  orientation  of  the  proteins  in  an  effective 
catalytic  unit  was  facilitated  by  the  presence  of  the  lateral 
interfaces  at  the  boundaries  between  PG-enriched  and  PC- 
enriched  domains. 
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CHAPTER  I 


THE  PROTHROMBIN  ACTIVATION  SYSTEM 

A.  INTRODUCTION 

Coagulation  of  mammalian  blood  is  the  end  result  of 
a  series  of  complex,  interrelated,  biochemical  reactions. 

With  the  exceptions  of  the  conversion  of  fibrinogen*  to 
fibrin  and  the  subsequent  cross-linking  of  the  fibrin  mono¬ 
mers,  these  reactions  primarily  involve  conversion  of  in¬ 
active  enzyme  precursors  to  active  proteolytic  enzymes 
(Fig.  1).  In  mammals,  two  separate  pathways  leading  to 
blood  coagulation  converge  with  the  activation  of  Factor  X. 
The  first  reaction  common  to  both  pathways  is  the  proteolytic 
cleavage  of  prothrombin  by  activated  Factor  X  (Factor  Xa)  to 
form  thrombin.  This  reaction  is  a  focal  event  in  blood 
coagulation  and  the  reaction  product,  thrombin,  may  also  be 
involved  in  other  hemostatic  processes  such  as  platelet 
aggregation  and  serotonin  release  (8). 

Optimal  conversion  of  prothrombin  to  thrombin  in 
vitro  requires  at  least  four  components  in  addition  to  pro¬ 
thrombin.  Factor  Xa  is  the  only  one  of  these  components 
that  can  activate  prothrombin  (9-12).  However,  the  inclus¬ 
ion  of  an  additional  plasma  coagulation  factor  (Factor  V)  and 
phospholipid  to  a  Factor  Xa-Ca++  mixture  causes  a  dramatic 
increase  in  the  rate  of  prothrombin  activation  (13,14). 

*  The  nomenclature  used  for  the  blood  coagulation  system 
components  is  that  recommended  by  the  Task  Forces  of  the 
International  Society  of  Thrombosis  and  Haemostasis. 

Unless  otherwise  specified  the  clotting  factors  discussed 
are  of  bovine  origin. 
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This  increases  the  rate  of  thrombin  production  to  at  least 
1,000  times  (14)  and  as  much  as  19,000  times  (13)  that  ob¬ 
served  with  Factor  Xa  alone. 

Sufficient  evidence  has  now  accumulated  to  show 
Factor  Xa ,  Factor  V,  phospholipid  and  Ca"*"*"  can  combine  to 
form  a  particulate  complex,  termed  1 prothrombinase ' ,  capable 
of  binding  prothrombin  and  converting  it  to  thrombin  (8). 

As  much  of  the  recently  published  information  concerning  the 
nature  of  the  lipid-protein  and  protein-protein  interactions 
during  prothrombin  activation  is  pertinent  to  the  work  con¬ 
tained  in  this  thesis  it  will  be  briefly  reviewed. 

B.  PROTHROMBIN 

1 .  Structural  aspects  of  prothrombin  activation 

Prothrombin  is  a  plasma  glycoprotein  with  a  molec¬ 
ular  weight  of  approximately  72,000  (15,16).  It  consists 
of  a  single  polypeptide  chain  with  five  intra-chain  disul¬ 
fide  bridges.  The  amino  acid  composition  and  sequence  have 
been  determined  (17,18). 

During  activation,  prothrombin  is  converted  to  throm¬ 
bin  plus  smaller  polypeptide  segments  called  activation 
fragments  (Fig.  2).  The  number  of  activation  fragments 
formed  varies  with  the  activation  conditions.  These  proteo¬ 
lysis  products  have  been  characterized  in  detail  by  several 
laboratories  (19,20,21).  The  total  mass  of  the  prothrombin 
molecule  can  be  accounted  for  in  the  two  usually  observed 
fragments  (prothrombin  fragment  1,  prothrombin  fragment  2) 
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and  thrombin. 

2 .  Calcium  binding  properties  of  prothrombin 

The  first  quantitative  analysis  of  Ca++  binding  to 

prothrombin  (22)  reported  the  existence  of  two  classes  of 

binding  sites  with  characteristics  n  =  4,  log  K  = 

sssoc 

4.0  and  n  =  12,  log  K  =  2.57.  More  recently,  Mann 

3  S  S  O  C 

e t  al .  (23)  reported  10  to  11  binding  sites.  Six  of  these 

sites,  located  in  fragment  1,  had  log  K  =  3.5.  Five 

assoc 

weaker  binding  sites  with  log  Kassoc  =  2.7  were  present  in 
the  fragment  2  region.  Stenflo  and  Ganrot  (24)  reported 
binding  of  10  to  12  moles  of  Ca++  per  mole  of  prothrombin 
with  three  high  affinity  sites  (log  K  =  4.3)  that 

3  S  S  O  C 

exhibited  positive  cooperat ivity . 

A  conformational  change  associated  with  Ca++  bind¬ 
ing  could  be  demonstrated  by  circular  dichroism  (25),  ultra¬ 
violet  spectral  changes  (26)  and  sedimentation  velocity 
analytical  centrifugation  (27).  Similar  Ca++  binding 
behaviour  and  conformational  changes  were  observed  for 
isolated  prothrombin  fragment  1  (26)  whereas  binding  to 

prethrombin  1  was  weak  and  did  not  show  positive  cooperat ivity 
(23)  . 

Qualitatively  there  is  general  agreement  that  pro¬ 
thrombin  contains  two  types  of  Ca++  binding  sites.  However, 
the  quantitative  disparity  among  the  data  from  various  Ca+"1'- 
binding  studies  implies  that  the  binding  probably  does  not 
fit  any  simple  model.  Benson  e_t  a_l.  (28,29),  for  example, 


' 

have  interpreted  their  data  as  indicating  no  positive  co- 
.  .  “f"  ”f“ 

operat lvity  in  Ca  binding  to  either  prothrombin  or  isolated 
fragment  1. 

Recently  Henricksen  and  Jackson  (26)  have  described 
++ 

changes  in  Ca  binding  isotherms,  resulting  from  changes 
in  buffer  systems,  that  have  no  doubt  complicated  the  correl¬ 
ation  of  results  from  the  various  studies. 

3 .  The  nature  of  the  vitamin  K-dependent  Ca++ 

b ind ing  sites 

In  1974,  Stenflo  succeeded  in  isolating  a  tetra- 
peptide  with  the  apparent  composition  1 eu- g lu- g lu- va 1  from 
the  amino  terminal  region  of  prothrombin  (30).  This  tetra- 
peptide  had  an  inordinately  high  anodal  electrophoretic 
mobility  relative  to  a  chemically  synthesized  tetrapeptide 
of  the  same  sequence.  A  combination  of  mass  spectrometry, 
proton  magnetic  resonance  and  chemical  modification  demon¬ 
strated  that  the  glutamic  acid  residues  of  the  tetrapeptide 
each  had  an  additional  carboxyl  group  attached  to  the  gamma 
carbon.  The  structure  of  these  y-carboxyglutamic  acid 
residues  ( 3-aminopr opane- 1 , 1 , 3-tr icarboxy lie  acid)  was  con¬ 
firmed  by  several  other  groups  (31,32,33).  Magnusson  e_t  al . 
(33)  have  shown  that  all  of  the  first  10  glutamic  acid 
residues  of  prothrombin  fragment  1  are  modified  to  y-carboxy- 
glutamic  acid. 

The  y-carboxyglutamic  acid  residues  appear  to  be 
formed  post-r  ibosomally  as  a  consequence  of  a  vitamin  In¬ 
dependent  carboxy lat ion  process  (31,34). 
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4 .  Functional  significance  of  vitamin  K-dependent 

Ca+^-b ind ing  sites 

In  mammals,  deficiency  of  vitamin  K,  or  adminis¬ 
tration  of  vitamin  K  antagonists  results  in  biosynthesis  of 
abnormal  prothrombin  which  cannot  be  activated  by  prothrom- 
binase  (24,35).  This  abnormal  prothrombin  does  not  contain 
the  y-carboxyglutamat e  residues  present  in  normal  prothrom¬ 
bin  (30,36),  does  not  bind  Ca++  (27,37),  and  does  not  bind 
to  phospholipids  (38,39). 

In  the  absence  of  phospholipid,  the  rate  of  activ¬ 
ation  of  abnormal  prothrombin  by  Factor  Xa-Ca"1”1’  is  the  same 
as  that  of  normal  prothrombin  (39).  Addition  of  phospho¬ 
lipid  to  Factor  Xa-Ca++  results  in  a  50-fold  increase  in 
the  activation  rate  of  normal  prothrombin  while  the  rate 
for  abnormal  prothrombin  remains  the  same  (39). 

Activation  of  prethrombin  1  (prothrombin  minus 
fragment  1)  is  not  accelerated  by  phospholipid  and  binding 
of  this  intermediate  to  phospholipid  cannot  be  demonstrated 
(40).  Fragment  1  does  bind  to  phospholipid  in  the  presence 
of  Ca++  (26,40,41).  These  data  are  consistent  with  the 
idea  that  the  vitamin  K-dependent  y-carboxyglutamate 
residues  of  fragment  1  are  required  for  the  Ca++-med ia t ed 
binding  of  prothrombin  to  the  phospholipid  component  of  the 
prothromb inase  complex. 
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C.  FACTOR  X  AND  FACTOR  Xa 

1  .  Structure  of  Factor  X  and  Factor  Xa 

Factor  X,  a  glycoprotein,  has  a  molecular  weight  of 
55,000  and  contains  10%  carbohydrate  including  3.8%  neura¬ 
minic  acid,  2.9%  hexose  and  3.6%  hexoseamine  (42).  It  con¬ 
sists  of  two  polypeptide  chains,  a  light  chain  of  M.W. 

17,000  and  a  heavy  chain  with  M.W.  38,000,  linked  by  disul¬ 

fide  bridges.  During  activation  a  polypeptide  of  M.W.  11,000 
is  cleaved  from  the  heavy  chain  to  yield  Factor  Xa  with  M.W. 
44,000  (43).  Activation  can  occur  via  the  intrinsic  path¬ 
way  (IXa,  phospholipid,  Ca  )  or  via  a  number  of  extrinsic 
routes  including  proteolysis  by  Russell  viper  venom,  trypsin 
(44)  or  Factor  Vila  (Fig.  1). 

2 .  Calcium-binding  properties  of  Factor  X(Xa) 

Like  prothrombin,  Factor  X(Xa)  has  two  classes  of 

Ca++  binding  sites.  The  site  characteristics  are  n  =  2-3, 

log  K  =  3.5  -  3.6  and  n  =  25,  log  K  =  2.6  (45). 

assoc  b  assoc  v  ' 

Factor  X(Xa)  also  undergoes  a  conformational  change  upon 
binding  Ca++  (46).  The  Ca++- b ind ing  properties  of  Factor 
X(Xa)  are  vitamin  K-dependent  (47). 

The  presence  of  y -carboxy glutamic  acid  residues  in 
the  light  chain  (48)  and  the  striking  homology  in  the  primary 
structure  of  the  44  amino  terminal  residues  of  the  light 
chain  of  Factor  X(Xa)  and  the  45  amino  terminal  residues  of 
prothrombin  (1)  support  the  proposal  that  the  light  chain 
contains  the  phospholipid  binding  sites  (49).  The  intact 


• 

Factor  Xa  molecule  binds  to  phospholipid  in  the  presence  of 
Ca  (50).  However,  in  contrast  to  prothrombin  fragment  1, 
the  isolated  light  chain  of  Factor  X(Xa)  does  not  bind  to 
phospholipid . 

3 .  Requirement  for  intact  disulfide  bridges  for 

Ca++  binding  ~ 

Henricksen  and  Jackson  (26)  recently  studied  the 

effect  of  reduction  of  the  intra-chain  disulfide  bridges  on 
,  H — I- 

the  Ca  -  and  phospholipid-binding  properties  of  prothrombin 
fragment  1  and  Factor  X (Xa)  .  They  reported  loss  of  positive 
cooperativity  and  lowered  affinity  for  Ca++  when  the  disul¬ 
fide  bridges  were  reduced  and  postulated  a  secondary  and/or 
tertiary  structure  involvement  in  maintaining  the  Ca++  bind¬ 
ing  groups  in  an  optimal  spatial  arrangement,  similar  to 
the  situation  with  chelating  agents.  These  observations 
have  been  confirmed  by  Nelsestuen  e_t  a_l.  (51). 

Prothrombin  fragment  1  and  the  light  chain  of 
Factor  X,  both  with  intra-chain  disulfide  bridges  reduced, 
had  very  similar  Ca++-binding  isotherms  (26,51).  Failure 
to  demonstrate  cooperative  ’tight*  binding  of  Ca++  to  the 
isolated  light  chain  of  Factor  X(Xa)  under  ’non-reducing’ 
conditions  may  have  been  due  to  failure  to  obtain  the  light 
chains  with  intra-chain  disulfide  bridges  intact  (26,51). 


D.  FACTOR  V 


1 •  Structure  and  activation  of  Factor  V 

Factor  V  is  the  least  well  characterized  of  the  pro¬ 
thrombin  activation  system  components.  Attempts  at  purifi¬ 
cation  have  been  complicated  by  a  complex  sub-unit  structure, 
a  propensity  to  aggregate  and  a  well  documented  instability 
(52,53)  . 

The  native  form  of  Factor  V  in  bovine  plasma  has  a 
molecular  weight  of  about  400,000  and  is  converted  to  an 
active  species  (Factor  Va)  with  a  molecular  weight  of  approxi¬ 
mately  250,000  (52,53).  Factor  V(Va)  has  no  proteolytic 
activity  in  the  prothrombin  activation  system.  However, 
activation  enhances  the  ability  of  Factor  V  to  interact  with 
prothrombin  (see  below). 

Activation  can  occur  by  exposure  to  thrombin  (54), 
Russell  viper  venom  (55) ,  or  cellulose  phosphate  (52) .  A 
recent  study  (56)  suggests  activation  by  non-enzymat ic 
methods  results  in  a  dissociated  form  of  native  Factor  V(Vd) 
with  M.W.  276,000  while  enzymatic  activation  results  in 
Factor  Va  with  M.W.  213,000.  Thrombin  inactivated  by 
diisopropy If uorophosphate  does  not  activate  Factor  V  (57), 
suggesting  the  molecular  mechanisms  involved  in  Factor  V 
activation  by  the  enzymatic  and  non-enzymat ic  means  are 
quite  different.  Papahad  j  opoulos  e_t  al_.  (58)  proposed  that 
activation  of  Factor  V  involved  splitting  a  bond  between 
two  subunits,  one  or  both  of  which  were  more  active  when 
separated.  It  is  possible  the  enzymatic  activation  involves 
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separation  of  subunits  in  association  with  minor  proteolysis. 
However  this  mechanism  remains  to  be  elucidated. 

2 .  Interaction  of  Factor  Va  with  prothrombin 

Jackson  et_  aJL.  (59)  have  reported  that  activation  of 
Factor  V  converted  it  from  a  form  incapable  of  binding  pro¬ 
thrombin  to  an  activated  form  capable  of  binding  quantitatively 
and  reversibly  to  a  prothrombin-sepharose  column.  Subsequently 
it  was  found  that  Factor  Va  acceleration  of  prothrombin  activ¬ 
ation  required,  in  addition  to  Ca  ,  fragment  2  or  fragment 
1-2  either  covalently  or  non-covalent ly  associated  with  pre¬ 
thrombin  2  (23,60).  Mann  et  a_l.  (23)  concluded  that  the 
'strong'  binding  sites  of  fragment  1  were  phospholipid  binding 
sites  and  the  'weak'  sites  of  fragment  2  were  the  Factor  Va 
binding  sites.  However,  Hanahan  e t  a 1 .  (50)  have  reported 

failure  to  demonstrate  any  stable  complex  formation  between 
Factor  Va  and  prothrombin  in  the  absence  of  phospholipid. 

E.  THE  PHOSPHOLIPID  REQUIREMENTS  OF  PROTHROMBIN  ACTIVATION 

1 •  The  requirement  for  an  acidic  lipid  component 

Studies  of  the  correlation  between  negative  surface 
charge  density  and  coagulant  activity  of  phospholipid  dis¬ 
persions  have  indicated  an  apparent  requirement  for  an 
'optimal  surface  charge'  (61,62).  However,  it  was  later 
postulated  that  this  requirement  might  merely  reflect  the 
need  for  interfacial  groups  capable  of  binding  Ca++  in  a 
specified  lattice  complementary  to  the  spatial  arrangement 
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of  the  y-carboxyglutamic  acid  residues  of  the  coagulant 
proteins  (63) . 

2 •  Phospholipid  requirements  for  binding  the  vitamin 
K-dependent  proteins 

The  binding  of  the  vitamin  K-dependent  proteins  to 
phospholipids  requires  Ca++  and  negatively  charged  phospho¬ 
lipid  functional  groups.  Prothrombin  in  the  presence  of 
+4- 

Ca  forms  stable  complexes  with  ph os pha t idy 1 s er ine  (PS), 
phosphatidic  acid  (PA)  (64),  phosphat idylglycerol  (PG)  (40) 
and  mixtures  of  these  anionic  lipids  with  phosphatidyl¬ 
choline  (PC)  and  phosphat idy lethanolam ine  (PE),  but  not  with 
PC  or  PE  alone  (40,50,64).  Chelation  of  the  Ca++  with  EDTA 
results  in  dissociation  of  the  complexes  (54).  Similar 
results  have  been  obtained  with  Factor  X(Xa)  (50,54). 

The  data  available  are  consistent  with  a  mechanism 
that  involves  a  Ca++-mediated  interaction  between  the 
negatively  charged  phospholipid  polar  head  groups  and  the 
Y -carboxyglutamate  residues  of  the  proteins.  However,  the 
stoichiometry  of  these  interactions  has  not  been  determined. 

3 .  Factor  V  -  phospholipid  interactions 

In  contrast  to  the  well-defined  interactions  of  the 
vitamin  K-dependent  proteins  with  phospholipids,  the  molec¬ 
ular  details  of  the  Factor  V-phospholipid  association  are 
not  clear . 

Association  of  Factor  V  with  phospholipid  does  not 
require  added  Ca  (50,65,66)  and  has  been  reported  to 


» 
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involve  hydrophobic  effects  (66,67).  Factor  V  binds  to 
mixtures  of  zwitterionic  and  acidic  phospholipids  (65,66) 
and  Hanahan  e t  a 1 .  (50)  have  reported  a  mandatory  require¬ 
ment  for  acidic  phospholipid.  However,  Colman  e_t  al  .  (53) 

have  reported  formation  of  Factor  V-phosphat idy lethanolamine 
(PE)  complexes.  Complexes  containing  Factor  V  and  catalyt- 
ically  hydrogenated  PE  had  very  low  clotting  activity 
relative  to  complexes  formed  with  naturally  occurring  PE, 
indicating  a  possible  requirement  for  a  1 iqu  id- cry s tal 1 ine 
lipid  state  (53)  for  cataly t ically  effective  Factor  V-phos- 
pholipid  complexes. 

4 .  Requirement  for  a  1  i q u id- c r y s t a 1 1 ine  lipid  phase 

Sterzing  and  Barton  (68)  had  demonstrated  that  a 
liquid- crystalline  lipid  phase  was  required  for  high  clotting 
activity.  Cataly t ically  hydrogenated  PS  was  found  to  be 
inactive  at  37°C  but  activity  could  be  restored  by  the 
addition  of  cholesterol.  Cholesterol  eliminated  the  phase 
transition  of  the  PS  (Tc  =  72°C),  as  detected  by  differential 
thermal  analysis  and  presumably  'fluidized'  the  lipid. 

Apart  from  this  study,  the  main  thrust  of  the 
research  in  this  area  had  been  directed  toward  defining  the 
lipid  chemical  properties  and  the  optimal  ratio  of  anionic 
to  zwitterionic  phospholipid  necessary  for  procoagulant 
activity.  No  systematic  study  had  been  done  to  correlate 
the  physical  state  of  the  lipids  with  their  ability  to 
function  in  the  prothrombin  activation  system. 


F.  RATIONALE  FOR  USE  OF  PHO S PHAT ID Y LGL Y C EROL S  IN  THIS 

STUDY 

Phospholipids  with  a  net  negative  charge  at  physio¬ 
logical  pH  include  PA,  PS  and  PG.  Barton  e_t_  a_l.  (64)  had 
shown  that  PA-PC  mixtures,  while  capable  of  forming  complexes 
with  prothrombin  in  the  presence  of  Ca"1”1",  showed  little 
clotting  activity. 

Mixtures  of  PS-PC  demonstrate  high  clotting  activity. 
However,  it  was  felt  that  synthesis  of  PS,  by  current  methods, 
in  quantities  adequate  for  the  planned  physical  studies, 
would  be  prohibitively  time  consuming. 

Phosphat idylglycerols  on  the  other  hand  had  been 
shown  to  be  relatively  easy  to  prepare  from  synthetic  PCs 
by  the  transphosphat idylase  function  of  phospholipase  D 
(EC  3. 1.4. 4)  (70)  and  PG-PC  mixtures  had  demonstrated  the 

ability  to  form  complexes  with  prothrombin  which  were 
effective  in  thrombin  generation.  As  the  physical  character¬ 
ization  of  the  lipid  system  used  would  require  relatively 
large  amounts  of  acidic  lipid,  it  was  felt  that  the  PGs 
were  most  amenable  to  investigation. 


CHAPTER  II 


PHYSICOCHEMICAL  PROPERTIES  OF  SYNTHETIC 
PHOSPHATIDYLGLYCEROLS 

A.  INTRODUCTION 

The  transphosphat idy lase  function  of  phospholipase 
D  (phosphatidylcholine  p ho s pha t idohy d r o 1 as e  EC  3. 1.4. 4)  was 
first  investigated,  in  detail,  by  Yang,  Freer  and  Benson 
(70).  They  suggested  it  offered  a  useful  route  for  syn¬ 
thesis  of  a  variety  of  phosphat idy les ters  including  phos¬ 
phatidyl  g  lyc  er  o  1  s  .  The  configuration  of  the  glycerol 
moiety  in  the  phosphat idy lglycerol  produced  was  a  racemic 
mixture  of  1- s n- g ly c e r o 1  and  3-sn-gly cerol  indicating  the 
phosphat idylat ion  step  was  not  stereospecific  (70,71). 

Although  phosphat idy lglycerol ,  prepared  by  the 
action  of  phospholipase  D  on  egg  lecithin,  was  used  for 
studies  involving  black-film  bilayers  (72)  and  cation 
permeability  of  liposomes  (73,74),  very  little  detailed 
information  concerning  the  ionic  and  thermotropic  prop¬ 
erties  of  the  phosphat idylgly cerols  was  available  prior  to 
1973.  Since  that  time  studies  of  synthetic  phosphatidyl 
glycerols  (DLPG,  DMPG,  DPPG)  have  done  much  to  characterize 
the  properties  of  this  class  of  phospholipid.  These  studies 
are  directly  relevant  to  the  work  in  this  thesis  so  their 
results  will  be  discussed. 
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B.  THERMOTROPIC  PROPERTIES  OF  DLPG 

1 .  Effect  of  pH 

The  gel  to  1 i q u i d- c r y s t a 1 1 in e  transition  of  DLPG  in 
NaCl  (0.1M,  pH  6),  as  detected  by  DSC,  was  reported  to  occur 
at  3°C  (75).  A  later  paper  (76)  reported  a  double  peaked 
transition  for  DLPG  in  NaCl  (0.1M,  pH  7)  centered  at  0°C. 

At  pH  3,  a  broad  double  transition  centered  at  approximately 
10°C  was  observed. 

2  .  Effect  of  Ca++ 

Addition  of  Ca  ,  up  to  a  ratio  of  Ca  :DLPG  of  1:2, 
resulted  in  a  single  DSC  peak  at  18°C.  With  Ca++:DLPG  ratios 
greater  than  1:2,  the  transition  temperature  was  raised  to 
about  7  5  °  C  (76)  . 

3 .  Effect  of  Mg++ 

"I--}" 

Similar  to  Ca  ,  addition  of  Mg  up  to  a  1:2  ratio 
of  Mg++:DLPG  resulted  in  a  single  DSC  endotherm  at  18°C  (77). 
Ratios  of  Mg++:DLPG  greater  than  1:2  resulted  in  a  complex 
thermogram  (Fig.  3)  with  endothermic  transitions  at  20°C  and 
75°C.  The  20°C  transition  was  followed  immediately  by  an 
exotherm.  These  calorimetric  results  were  interpreted  as 
indicating:  (1)  a  metastable  gel  phase  below  20°C;  (2)  a 

stable  gel  phase  between  20°C  and  75°C;  (3)  a  liquid-crys¬ 

talline  phase  above  75°C  which  could  exhibit  substantial 
supercooling  (77). 


■ 

r- 

Figure  3.  Differential  scanning  calorimetry  of 


DLPG 

• 

(a) 

Heating  scan  of  DLPG  in  the  presence 
of  Mg+*  (Mg++:DLPG  >  1:2). 

(b) 

Rescanning  from  +30°C  to 
cooling  to  +30°C. 

+  9  0  °  C  after 

(c) 

Heating  curve  between  -20 
+  5  0  0  C . 

°C  and 

(d) 

Rescanning  from  -20°C  to 
after  cooling  the  sample 
+  5 0  0  C  to  -  2 0  0  C . 

+  9  0  °  C 
from 

Ref  er ence  7  6  . 
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C.  FREEZE-FRACTURE  STRUCTURES  OF  DLP G- CORREL AT ION  WITH 

THERMOTROPIC  BEHAVIOUR 

1  •  Effect  of  NaCl  on  f r e e z e- f r a c t ur e  structure 

In  excess  distilled  water,  DLPG  formed  a  transparent 
suspension  with  no  definite  structures  detectable  by  freeze- 
fracture  electron  microscopy  (75).  When  NaCl  was  present 
(0.1M,  pH  6)  the  suspension  became  opalescent  and  small 
vesicle-like  structures  were  visible. 

2  .  Effect  of  Ca++  on  f r e ez e- f r ac t ur e  structures 

With  Ca  : DLPG  ratios  less  than  1:2,  liposomal 

structures  were  observed  (76).  Increasing  the  Ca++:DLPG 

ratio  to  greater  than  1:2  resulted  in  formation  of  large 

cylinders  of  tightly  packed  lamellae  termed  cochleate 

cylinders  (76).  It  was  postulated  that  these  cochleate 

cylinders  resulted  from  formation  of  a  DLPG-Ca-DLPG 

complex  which  stabilized  the  bilayer  structure  resulting  in 

the  high  transition  temperature  (T  =  75°C). 

c 

3 .  Effect  of  Mg++  on  f r e e z e- f r ac t ur e  structures 

The  structures  of  the  three  Mg++:DLPG  (1:2)  phases 
detected  by  DSC  were  examined  by  quenching  samples  rapidly 
from  different  points  within  the  DSC  scan  (Fig.  3).  The 
metastable  gel  phase  (below  20°C)  and  the  liquid  crystalline 
phase  (above  7 5 0 C- s up e r c o o 1 ing  to  20°C)  revealed  liposomal 
structures  while  the  stable  gel  phase  was  characterized  by 
the  presence  of  cochleate  cylinders  (76).  The  conversion  of 
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the  liposomal  structures  to  the  more  highly  ordered  cylindrical 
structures  presumably  accounts  for  the  exotherm  observed 
immediately  following  the  gel-liquid  crystalline  transition 
of  the  liposomes. 


D.  TRANSITION  ENTHALPY  OF  DLPG 

The  latent  heat  of  transition  for  DLPG  in  NaCl  (0.1M, 
pH  6)  was  reported  as  4.5  kcal/mole  (77),  which  was  similar 
to  the  4.3  kcal/mole  observed  for  DLPC.  This  value  for  DLPG 
is  considerably  higher  than  the  1.7  kcal/mole  determined  by 
h  i  g h- s e n s i t i v i t y  DSC  (78)  .  However,  it  compares  favourably 
with  the  4.77  kcal/mole  which  corresponds  to  the  area  under 
the  total  broad  (-4°C  to  10°C)  transition  curve  observed  with 
DLPC  (78).  The  sharp  DLPC  peak  at  -1.8°C  seen  with  high 
sensitivity  DSC  and  used  to  determine  the  1.7  kcal/mole 
value  (78)  was  not  resolvable  with  standard  DSC  methods  (77). 
However,  determined  under  identical  experimental  conditions, 
the  transition  enthalpies  for  DLPC  and  DLPG-Na+  appear  to  be 
very  similar  (77).  An  analogous  observation  has  been  made 
for  DMPG-N  a  +  (6.8  kcal/mole)  and  DMPC  (6.7  kcal/mole)  (79). 

Addition  of  Mg++  or  Ca++  (Mg++  or  Ca++:DLPG  less 
than  1:2)  increased  the  transition  enthalpy  to  5.5  kcal/mole 
(77).  This  was  interpreted  as  indicating  a  stabilization  of 
the  hydrophobic  regions  of  the  liposomal  systems  due  to  cation 
induced  changes  in  polar  head  group  spacing.  This  interpret¬ 
ation  was  supported  by  monolayer  studies  which  indicated  a 
decrease  in  the  average  area  per  molecule  from  62A2  (NaCl, 
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0.1M,  pH  6)  to  54A2  in  CaCl2  (0.1M  pH  6)  (75). 

The  cochleate  cylinders  formed  at  high  Mg++  or  Ca++ 
concentrations  melted  with  an  unusually  high  enthalpy  change 
(AH  =  10  kcal/mole)  (77).  It  was  suggested  that  this  high 
enthalpy  change  reflected  the  simultaneous  disruption  of  the 
highly  ordered  lattice  structure  of  the  cylinders  and  melting 
of  the  hydrocarbon  chains. 


E.  THERMOTROPIC  PROPERTIES  OF  DMPG 

1 .  Effect  of  pH 

The  gel  to  1 i qu i d- c ry s t al 1 ine  transition  of  DMPG  in 
NaCl  (0.12M,  pH  7)  as  detected  by  DSC  occurred  at  23°C  (79). 
Little  change  in  transition  temperature  was  observed  when  the 
pH  was  lowered  to  3.  However,  the  DSC  peak  was  slightly 
broadened . 

2 .  Effect  of  Ca++ 

As  the  Ca  :DMPG  ratio  was  increased  to  1:2  a  gradual 
increase  in  transition  temperature  was  observed.  The  maximum 
increase  obtained  was  approximately  18°C.  This  increase  was 
accompanied  by  a  rise  in  transition  enthalpy  from  6.8  to  7.9 
kcal/mole  (79).  Fr e e z e- f r ac t ur e  electron  microscopy  indicated 
liposomal  structures  were  present  at  low  Ca  concentrations. 
When  the  Ca  +:DMPG  ratio  was  greater  than  1:2,  the  transition 
temperature  was  raised  to  89°C  with  an  enthalpy  change  of 
15.2  kcal/mole  accompanying  the  transition  (Fig.  4).  Freeze- 
fracture  electron  microscopy  of  this  high  melting  form  showed 
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Figure  4.  Effect  of  Ca+  on  the  phase  transition  of  DMPG  (79). 

(a)  Keating  scan  (DSC)  of  sample  dispersed  in  120  mM  NaCl  at 
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discrete  lamellar  stacks.  Some  cochleate  cylinders  were 
observed  but  this  morphological  form  did  not  predominate  as 
it  did  with  DLPC  (75) . 

3 .  Effect  of  Mg++ 

The  effects  of  Mg++  on  DMPG  were  analogous  to  those 
observed  with  DLPG .  Ratios  of  Mg++:DMPG  up  to  1:2  raised 
the  transition  temperature  to  about  38°C  (79).  Higher  con¬ 
centrations  of  Mg  resulted  in  the  complex  thermogram 
illustrated  in  Fig.  5.  The  metastable  thermal  behaviour  of 
DMPG  (Fig.  6)  in  the  presence  of  Mg++  was  correlated  to  the 
freeze-fracture  structure  as  follows.  Below  30°C  gel  phase 
liposomes  existed.  Heated  to  32°C,  the  liposomes  underwent  a 
gel  to  liquid-crystalline  transition.  The  liquid-crystalline 
liposomal  structure  immediately  underwent  rearrangement  to 
more  stable  'crystal  structures'  (exotherm  at  32°C).  At  71°C 
the  acyl  chains  of  the  lipid  melted  accompanied  by  simultaneous 
formation  of  1 i q u id- c r y s t al 1 in e  liposomes  which  could  be 
supercooled  to  below  40°C  (79). 

The  transition  enthalpy  of  the  Mg++-  induced  'crystal' 

structures  was  12.4  kcal/mole  compared  to  15.2  kcal/mole  for 
4"1" 

the  Ca  : DMP G  which  indicated  the  high-melting  structures 
formed  with  Ca++  were  more  stable  than  their  Mg++  counterpart 


(  79)  . 


F.  THERMOTROPIC  PROPERTIES  OF  DPPG 
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The  phase  transition  temperature  for  DPPG  in  NaCl 
(0.1M,  pH  7.4)  has  been  reported  as  41°C  (80).  A  pre¬ 
transition  at  35  ±  1°C  was  also  observed.  Details  of  the 
effect  of  pH  changes  on  the  transition  temperature  of  DPPG 
have  not  been  reported. 

The  transition  enthalpy  of  DPPG-Na+  was  7.9  kcal/mole 
compared  with  7.7  kcal/mole  for  DPPC  (80). 

F r e e z e - f r a c t u r e  electron  microscopy  has  revealed 
that  DPPG,  dispersed  in  MgCl2  (0.02M,  pH  6)  or  CaCl2  (0.01M, 
pH  6),  forms  closely  packed  mult ilamellar  structures  (81) 
similar  to  those  observed  with  DMPG  (79). 

The  effects  of  Mg  and  Ca~*"+  on  the  thermotropic 
behaviour  of  DPPG  have  not  been  well  documented  but  absence 
of  any  transition  between  20°C  and  70°C  in  the  presence  of 
high  concentrations  of  either  Mg  or  Ca  has  been  reported 
(80)  . 


G.  DMP G : DMP C  MIXTURES  -  THE  EFFECTS  OF  Ca++ 

Van  Dijck  e_t  a^L.  (79)  reported  that  Ca++  (0.12M) 
raised  the  transition  temperature  of  a  DMPG : DMPC  (1:1  mol/mol) 
mixture  from  24  C  to  approximately  40°C.  No  phase  separation 
detectable  by  DSC  occurred  in  the  presence  of  Ca++.  Freeze- 
fracture  electron  microscopy  of  the  DMPG-Ca++ : DMPC  mixture 
revealed  only  liposomal  structures.  No  cochleate  cylinders 
were  observed  (79). 
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Although  comparatively  little  information  is  avail¬ 
able  in  the  literature  concerning  PG:PC  mixtures  and  the 
effects  of  Ca++  on  them,  lipid  mixtures  containing  other 
anionic  phospholipids,  particularly  PS  and  PA,  have  been 
relatively  well  studied.  For  comparison  purposes  some  of 
the  current  literature  concerning  acidic  phospholipid- 
divalent  cation  interactions  and  the  effects  of  these  inter¬ 
actions  on  the  properties  of  binary  lipid  mixtures  will  be 
briefly  reviewed. 


H.  Ca++  -  ANIONIC  PHOSPHOLIPID  INTERACTIONS 

The  ionic  properties  of  PS  both  in  aqueous  dispersion 

(82.83.84.85)  and  in  monolayers  (86,87,88)  have  been  studied 
extensively.  Biochemically,  the  most  interesting  manifest¬ 
ations  of  these  properties  are  related  to  the  ability  of  PS 
to  form  chelation  complexes  with  Ca  .  The  physiological 
importance  of  these  complexes  results  from  (1)  the  ability 
to  form  mixed  Ca++  chelates  which  can  stabilize  structural 
arrangements  such  as  the  lipid-protein  complex  involved  in 
prothrombin  activation  (1,7)  and  (2)  Ca++-r egulat ed 
alterations  in  lipid  physical  properties  due  primarily  to 
lateral  condensation  (decreased  surface  area/molecule  of  PS) 
(88).  The  condensation  effect  of  Ca++  binding  to  PS  combined 
with  high  association  constants  (log  K  -4)  for  Ca++  -  PS 

cl 

(84.85)  relative  to  soluble  Ca++  -  organic  ligand  salts 

(e.g.  Ca++  -  (COOH) 2 ;  log  K&  =  3)  (89)  indicated  that  the 

lattice  array  of  negatively  charged  PS  polar  head  groups  at 


29 


the  lipid-water  interface  must  contribute  to  the  binding 
ability.  On  the  basis  of  this,  Papahadj  opoulos  (88)  suggested 
that  Ca  -  PS  formed  a  linear  polymeric  lattice.  A  similar 
polymeric  lattice  arrangement  was  also  proposed  for  Ca++  -  PA 
(88)  . 

^ _ |- 

Evidence  that  the  effect  of  Ca  involves  more  than 

reduction  of  the  charge  repulsion  between  PS  polar  head 

d-d- 

groups  or  formation  of  Ca  -chelated  dimers  (PS-Ca-PS)  has 

been  presented  by  Ohnishi  and  Ito  (90,91).  They  studied  the 

++ 

structural  effects  of  Ca  on  PS:PC  mixtures  using  a  nitrox- 
ide  spin  label  attached  to  a  PC  acyl  chain  (PC*).  Addition 
of  Ca++  to  mixtures  of  PS:PC*  resulted  in  formation  of  aggre¬ 
gates  of  fluid  (liquid- cry stalline)  PC*.  It  was  concluded 
that  Ca++  bound  to  the  PS  to  form  closely  packed  PS  clusters 
resulting  in  exclusion  of  most  of  the  PC*  from  the  PS-enriched 
domains.  Similar  behaviour,  resulting  in  separation  of  rigid 

clusters  of  Ca++  -  PA  from  fluid  PC,  was  observed  with 
d-d- 

PA:PC:Ca  mixtures  (92,93)  but  not  with  mixtures  of  phos¬ 
phatidyl  ino  s  i  t  o  1  (PI):PC  and  Ca++  (91).  This  led  to  the 
conclusion  that  two  chelating  sites  per  polar  head  group  were 
required  to  propagate  the  polymeric  chelated  structure. 

Further  evidence  for  this  was  presented  by  Jacobson  and 

Papahadj  opoulos  (80)  who  used  DSC  to  examine  the  ability  of 
d"d- 

Ca  to  segregate  domains  of  acidic  lipid  from  PS:PC  and 
PA:PC  mixtures.  Neutralization  of  a  PSrDPPC  mixture  by 
decreasing  the  pH  or  by  adding  Mg++  did  not  produce  a 
detectable  phase  separation.  Furthermore,  a  Ca++-induced 
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phase  separation  was  observed  with  DPPA:DPPC  mixtures  only 
at  pH  8  and  not  at  pH  6  indicating  a  requirement  for  two 
negative  charges  per  acidic  lipid  headgroup. 

Ohnishi  and  Ito  (91)  commented  that  the  surface  prop¬ 
erties  of  the  Millipore  filters  used  to  concentrate  the  PS:PC* 
mixtures  changed  from  hydrophilic  to  hydrophobic  concomit¬ 
antly  with  formation  of  Ca++  chelated  PS  aggregates. 

Recent  NMR  and  X-ray  diffraction  studies  of  the 

+  + 

Ca  -  PS  complex  by  Hauser  e_t  a_^L.  (94)  indicated  that  inter- 

++  -  3 

action  of  PS  with  Ca  (>10  M)  at  23°C  resulted  in  formation 
of  an  essentially  dehydrated  (’hydrophobic')  Ca++  -  PS  com¬ 
plex  with  highly  immobilized  hydrocarbon  chains.  The  X-ray 
diffraction  pattern  for  the  Ca++  -  PS,  which  closely 

++ 

resembled  the  pattern  for  gel  phase  DSPS,  indicated  that  Ca 

binding  induced,  isothermally ,  a  phase  transition  similar  to 

that  obtained  by  cooling  the  sodium  salt  of  PS  below  the 

thermal  transition  temperature. 

While  the  'hydrophobic'  effects  seen  by  Ohnishi  and 

Ito  (91)  and  those  reported  by  Hauser  e_t  a_l.  (94)  may  not 

+  + 

have  resulted  from  the  same  Ca  -  PS  molecular  interactions, 
both  pieces  of  data  indicated  a  marked  alteration  in  the 

-f+ 

lipid  head  group  and  Ca  hydration  patterns  as  a  result  of 
Ca++  -  PS  complex  formation. 

I.  Ca++- INDUCED  FUSION  OF  PS  CONTAINING  VESICLES 

Papahad  j  opoulos  e_t  a_l.  (95)  observed  that  the 
ability  of  phospholipid  vesicles  to  induce  cell  fusion  was 
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dependent  upon  the  presence  of  acidic  lipid  and  Ca++  and 
postulated  a  Ca  bridge  between  negatively  charged  surface 
groups  on  the  vesicles  and  cell  membrane  surface  as  an 
initial  event  in  the  fusion  process.  At  low  Ca~*"+  concen¬ 
trations  ( < ImM) ,  or  in  the  presence  of  Mg"*""*"  (2-5mM),  PS 

vesicles  formed  large  aggregates  but  did  not  fuse  (96).  At 
...  ++ 

higher  Ca  concentrations  (lOmM)  fusion  of  unilamellar  PS 
vesicles  occurred  (97).  Freeze-fracture  electron  micro¬ 
graphs  indicated  fusion  of  the  vesicles  resulted  in  formation 
of  long  cochleate  cylinders  similar  to  those  observed  with 
DLPG  and  DMPG  in  the  presence  of  Ca"*"*"  (  7  6,79  ). 

J.  EFFECTS  OF  Ca++  ON  PS  VESICLE  PERMEABILITY 

In  1966,  Papahad j opoulo s  and  Bangham  (98)  demon¬ 
strated  that  the  permeability  of  PS  vesicles  increased 

sharply  when  Ca  was  added  to  the  external  bulk  aqueous 

2  2 

phase.  The  release  rate  of  Na  from  sonicated  PS  vesicles 
was  low  at  low  Ca++  concentrations  (<0.5mM,  T  =  24°C)  (96) 

but  increased  dramatically  (500-1000  fold)  at  Ca++  concen¬ 
trations  between  0.5  and  2.0mM.  The  efflux  of  1/fC-sucrose 
from  PS  vesicles  containing  the  Ca++  ionophore  A23187  showed 
a  greatly  reduced  response  to  changes  in  Ca"*""*"  concentrations 
(96).  The  ionophore  permitted  rapid  equilibration  of  Ca"*"*" 
across  the  bilayers  and  the  reduced  response  to  externally 
added  Ca  was  interpreted  as  indicating  that  asymmetry  of 
Ca  distribution  across  the  bilayer  contributed  to  the 
increase  in  permeability  observed  in  PS  vesicles  without 


A23187.  The  large  permeability  change  induced  by  Ca++  (>lmM) 
was  accompanied  by  fusion  of  unil amellar  vesicles  into  large 
mult ilamellar  cochleate  cylinders  (99). 

The  high  degree  of  correlation  between  conditions 
required  to  increase  PS  vesicle  permeability  (96),  to  induce 
vesicle  fusion  (97)  and  to  cause  isothermal  phase  transitions 
and  phase  separations  (81)  led  Papahadj  opoulos  e t  a 1 .  to  con¬ 
clude  that  the  key  event  leading  to  membrane  fusion  was  the 
Ca  -induced  isothermal  phase  transition  with  its  accompany¬ 
ing  changes  in  molecular  packing  and  formation  of  a  gel  phase 
stable  up  to  at  least  70°C  (91,80).  As  the  Ca++  -  PS  complex 

forms  a  highly  ordered  (94,80),  thermally  stable  bilayer,  it 
was  proposed  that  the  Ca^+-induced  changes  resulted  from  a 
transient  disruption  of  the  bilayer  and  formation  of  phase 
boundaries  within  the  plane  of  the  bilayer.  These  transient 
domain  boundaries  have  been  proposed  as  regions  highly  sus¬ 
ceptible  to  fusion  and  to  increased  permeability. 

K.  LATERAL  DOMAIN  FORMATION  - 
PHASE  BOUNDARY  LIPID 

The  permeability  properties  of  vesicles  of  a  number 
of  synthetic  phospholipids,  including  DPPC  (100,80),  DPPG 
(100)  DMPG  (79)  and  DMPC  (101,102),  have  been  examined  as  a 
function  of  temperature.  In  all  cases,  a  transient  large 
increase  in  permeability  was  observed  at  a  temperature  corres¬ 
ponding  to  approximately  the  mid-point  of  the  gel  to  liquid- 
crystalline  transition.  The  permeability  during  the  lipid 
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phase  transition  was  greater  than  that  observed  either  above 
or  below  the  phase  transition  temperature  range.  This  in¬ 
creased  permeation  rate  has  been  attributed  to  the  presence 
of  disorder  (100)  or  mismatch  regions  (101)  which  occur  at  the 
interfaces  of  the  gel  and  liquid-crystalline  domains  formed 
during  the  phase  transition.  Marsh  e t  a 1 .  (101)  calculated 

the  ratio  of  domain  boundary  or  interfacial  lipid  to  gel 
phase  plus  liquid-crystalline  lipid  was  maximal  at  the  mid 
point  of  the  phase  transition  for  DMPC  vesicles  and  they 
demonstrated  that  the  maximum  permeability  of  DMPC  vesicles 
to  Tempo-choline  occurred  at  that  same  temperature  (101). 

According  to  the  model  proposed  by  Marsh  e t  al .  (101), 

lipid  mixtures  which  display  a  low  degree  of  cooperat ivity , 
or  phase  separation  behaviour,  would  be  expected  to  have  a 
greater  proportion  of  interfacial  lipid  than  that  calculated 
for  a  pure  phospholipid  undergoing  a  cooperative  gel  to  liquid- 
crystalline  transition.  Tsong  e_t  a_l.  (103)  have  attributed 
the  lidocaine- induced  increase  in  permeability  to  ANS  (8- 
amlino-l-nap thalenesulf onat e)  to  a  decrease  in  transition 
cooperat ivity  (smaller  cooperative  unit)  which  resulted  in 
an  increase  in  the  amount  of  phase  boundary  lipid. 

2  2 

Papahad  j  opoulos  e_t  a_l.  (100)  reported  that  Na 

diffusion  rates  through  vesicles  composed  of  DOPG  (T  =-180C) 

and  DPPG  (T  =  42°C)  at  temperatures  below  the  DPPC  trans- 
c 

ition  temperature  (0-10°C)  were  higher  than  those  observed 
for  pure  DOPG  or  pure  DPPG  vesicles. 

The  effects  of  Ca++  on  the  permeability  of  PS 


vesicles  (96)  may  also  reflect  the  formation  of  highly 
permeable  interfacial  regions  during  the  Ca++-induced  iso¬ 
thermal  phase  transition. 

In  conclusion,  it  would  appear  that  the  properties 
of  a  lipid  bilayer  can  be  greatly  altered  by  the  presence 
of  interfacial  regions  occurring  as  boundaries  between 
different  compositional  domains  or  as  a  result  of  a  gel  to 
liquid-crystalline  phase  transition.  These  interfacial 
regions  could  be  physiologically  important  in  the  function 
ing  of  biological  membranes  with  a  heterogeneous  lipid 
comp  o  s i t ion . 


L.  THE  PURPOSE  OF  THIS  STUDY 

One  aim  of  this  study  was  to  prepare  and  carefully 
characterize  a  series  of  anionic : zwitterionic  phospholipid 
mixtures,  which  could  be  used  to  examine  the  effects  of  the 
lipid  physical  state  on  lipid-protein  interactions.  For 
reasons  previously  discussed  phosphat idylglycerols  were 
selected  as  the  anionic  lipid  component.  A  second  goal  was 
to  use  these  well-characterized  lipid  systems  to  establish 
a  s t r uc t ur e -f un c t ion  relationship  for  the  lipid  requirements 
of  the  prothrombin  activation  system. 


CHAPTER  III 


MATERIALS  AND  METHODS 

A.  MATERIALS 

Inorganic  chemicals  and  reagents  used  in  preparation 
of  buffers  were  obtained  from  J.T.  Baker  Chemical  Co. ,  or 
Fisher  Scientific  Co.,  and  were  ACS  reagent  grade  or  better. 

Michaelis  (veronal-acetate)  buffer  was  prepared  as 
follows:  Na-acetate  (4.85g),  Na-d i e thy lb arb i t ur a t e  ( 7 . 3  6  g ) 
and  NaC 1  (8.5g)  were  dissolved  in  975  ml  of  distilled  water. 

The  pH  was  adjusted  to  7.35  with  concentrated  HC1  and  the 
volume  made  up  to  1.05,. 

All  organic  solvents  were  glass  distilled.  Water 
was  deionized  and  glass  distilled. 

Silicic  acid  used  for  column  chromatography  was 
'Unisil'  (200-325  mesh)  from  Clarkson  Chemical  Co.,  Williamsport, 
Pa.,  or  ’Sorbsil’  from  Joseph  Crossfield  and  Sons,  Warrington, 
England. 

Plates  used  in  thin  layer  chromatography  were  obtained, 
pre-coated  with  Silica  Gel  60  F254  ,  from  Brinkmann  Instruments, 
Rexdale,  Ontario. 

L-a-Lecithin  ( 3 , y-dilauryl)  (Lot  400203)  and  L-a- 
Lecithin  (  8  ,  y-dis tearoyl)  (Lot  400204)  were  obtained  from 
Calbiochem,  San  Diego,  California.  L- a- pho s pha t idy lcho 1 in e- 
dipalmitoyl  and  L-a- pho s pha t idy 1 ch o 1 ine- d imy r i s t oy 1  were 
obtained  from  Sigma  Chemical  Co.,  St.  Louis,  Missouri. 

The  dioleoyl  phosphatidylcholine,  supplied  by 
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Dr.  P.G.  Barton,  was  prepared  by  the  method  of  Barton  and 
Guns  tone  (104)  . 

All  synthetic  phosphatidylcholines  used  were  >98% 
pure  as  determined  by  micro  t.l.c.  and  g.l.c.  analysis  of 
their  fatty  acid  methyl  esters. 

Egg  phosphatidylcholine  was  isolated  from  hen  egg 
yolk  by  silicic  acid  (Sorbsil)  chromatography  by  the  method 
of  Lea  e_t  al .  (105)  as  modified  by  Hanahan  e_t  a_l.  (106)  and 

chromatographed  as  a  single  spot  on  micro  t.l.c.  analysis. 

Phosphatidylserine  was  prepared  from  beef  brains 
by  Sanders’  modification  (107)  of  the  method  of  Rouser 
et  al .  (108)  . 

Egg  phosphatidylcholine  and  phosphatidylserine  were 
stored  in  solution  in  CHCl^  at  -20°C. 

Brain  lipid  extract  (cephalin)  was  prepared  from 
beef  brains  according  to  Bell  and  Alton  (109)  and  stored  as 
a  stock  solution  containing  118  yg  of  phosphorus  per  ml. 

For  use  in  clotting  assays,  the  stock  solution  was  diluted 
with  Michaelis  buffer  at  pH  7.35. 

Standard  Normal  Plasma  (SNP)  was  obtained  from  DADE 
(Miami,  Fla).  Lot  #757  was  used  for  all  clotting  assays. 

Russell  viper  venom  (Burroughs-Wellcome  ’Stypven’) 
was  obtained  from  Warner-Chillcot t  (Scarborough,  Ontario). 

Phospholipase  D  from  cabbage  leaves  was  obtained 
from  Sigma.  The  enzyme  was  supplied  as  a  desiccated  powder 
and  was  made  up  to  the  required  concentration  in  0 . 1M  Na- 
acetate  buffer  at  pH  5.6. 


B.  METHODS 
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1 •  Chemical  Synthesis  of  DMPG 

Several  attempts  were  made  to  chemically  synthesize 
DMPG  following  the  method  of  Baer  and  Buchnea  (110).  This 
involves  phosphorylation  of  1 , 2 - d imy r i s t oy 1  glycerol  (111, 
112)  with  phosphorus  oxychloride  (POCl^)*  in  the  presence  of 
pyridine,  followed  by  esterification  of  1 , 2- isopropy lidene 
glycerol  (112)  to  the  activated  phosphate  group.  Acid 
hydrolysis  then  cleaves  the  isopropyl idene  group  from  the 
isopropy lidene  glycerol  to  yield  DMPG. 

In  spite  of  precautions  taken  to  ensure  pure,  anhy¬ 
drous  reagents,  all  the  reactions  attempted  yielded  numerous 
by-products  to  an  extent  precluding  isolation  of  DMPG  in  any 
appreciable  yield.  The  phosphorylation  step  using  POCl^ 
seemed  particularly  prone  to  by-product  formation. 

In  view  of  the  unsatisfactory  results  obtained  using 
this  synthetic  route,  the  t ransphosphat idy lat ion  reaction 
catalyzed  by  Phospholipase  D  was  examined  as  an  alternate 
method  ( 70) . 

2 .  Preparation  of  Diacyl  phosphatidylglycerols 

The  method  used  to  synthesize  the  diacyl  phosphatidyl 
glycerols  from  the  corresponding  diacyl  phosphatidylcholines 
was  essentially  that  of  Dawson  (113). 

One  mmole  of  the  phosphatidylcholine  was  shaken  in 
60  ml  of  0 . 1M  Na-acetate  buffer  (pH  5.6).  The  suspension 
was  sonicated  briefly  to  break  up  coarse  particles  yielding 
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an  opalescent  dispersion.  Glycerol  (8.0  ml)  was  added  drop- 
wise  to  the  combined  sonicates  in  a  500  ml  round  bottom  flask 
and  mixed  thoroughly.  Next  10  ml  of  1 . 0M  CaCl2  was  added 
with  stirring.  Then  30  ml  of  a  solution  containing  100  mg 
of  Phospholipase  D  (Sigma)  in  Na-acetate  buffer  was  added 
followed  by  15  ml  of  diethyl  ether.  The  reaction  mixture 
was  incubated  at  27°C  and  was  monitored  by  thin  layer  chrom¬ 
atography  until  the  PC  spot  had  practically  disappeared. 

Longer  incubation  was  avoided  to  reduce  the  extent  of  phos¬ 
pholipase  D  -  catalyzed  hydrolysis  of  the  product  (PG). 

Finally,  100  ml  of  diethyl  ether  was  added  to  the  reaction 
mixture,  which  was  then  shaken  and  placed  in  a  250  ml  separatory 
funnel  and  cooled  to  4°C  to  terminate  the  reaction. 

3 .  Extraction  procedure  for  DMPG 

The  extraction  procedure  outlined  below  was  designed 
to  provide  information  regarding  partitioning  of  the  reaction 
products  into  the  aqueous  and  organic  phases. 

After  separation,  the  reaction  mixture  consisted  of 
an  aqueous  phase,  an  ether  phase  and  an  insoluble  interfacial 

band  containing  a  substantial  amount  of  yellowish-white  solid 

material.  This  material  was  separated  from  the  aqueous  phase 
by  filtration  (Whatman  //4  paper)  to  give  a  clear  aqueous 
phase,  a  solid  residue  on  the  filter  paper,  and  a  clear 
diethyl  ether  phase.  The  solid  residue  and  the  filter  paper 
were  refluxed  for  1/2  hour  in  180  ml  of  CHCl^rMeOH  (2:1  v/v), 

then  filtered  through  Whatman  #4  filter  paper.  The  residue 


was  washed  with  100  ml  of  hot  CHCl^MeOH  (2:1  v/v).  In  the 
DMPG  preparation  the  filtrate  from  the  interfacial  solid 
material  contained  approximately  80%  of  the  total  lipid  phos¬ 
phorus.  The  remaining  lipid  phosphorus  was  in  the  aqueous 
fraction  (15-20%)  and  the  ether  fraction  (<2%). 

The  lipid  present  in  the  aqueous  phase  could  be 
extracted  by  adding  enough  solid  Na^EDTA  to  chelate  the  Ca++ 
present  in  the  reaction  mixture  (10  mmoles) ,  adjusting  the 
solution  to  pH  9.0  with  1 . 0M  NaOH,  then  following  the  Bligh 
and  Dyer  (114)  extraction  procedure. 

The  main  fraction  of  lipid  in  CHCl^rMeOH  (2:1  v/v) 
was  dried  on  a  rotary  evaporator,  80  ml  of  aqueous  0.05M 
NaCl,  0 . 1M  Na^EDTA  at  pH  8.5  were  added,  then  200  ml 
MeOH  and  100  ml  CHClg  were  added  to  form  a  monophasic 
Bligh  and  Dyer  solution.  This  was  placed  in  a  separatory 
funnel  and  100  ml  of  CHCl^  plus  100  ml  0.05M  NaCl  were  added 
to  make  the  mixture  biphasic.  Typically,  90%  of  the  lipid 
partitioned  into  the  lower  CHCl^  layer.  Quantitative 
extraction  could  be  achieved  by  re-extraction  of  the  aqueous- 
methanolic  phase  with  5%  methanol  in  chloroform. 

It  was  usually  necessary  to  do  a  second  Bligh  and 
Dyer  extraction  of  the  main  lipid  fraction  in  order  to  remove 
final  traces  of  glycerol. 

The  main  lipid  fraction  was  dried  on  a  rotary  evap¬ 
orator  then  redissolved  in  a  minimum  volume  of  CHCl^  prior 
to  column  chromatography. 
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4 .  Extraction  procedure  for  DPPG 

With  the  DPPG  preparation,  90-95%  of  the  lipid  was 
in  the  interfacial  portion  of  the  reaction  mixture.  Less 
than  2%  was  in  the  ether  phase  and  less  than  5%  of  the  lipid 
Petitioned  into  the  aqueous  layer.  Consequently,  the  ex¬ 
traction  procedure  followed  was  identical  to  the  procedure 
used  for  DMPG  except  it  was  not  necessary  to  do  the  Bligh 
and  Dyer  extraction  of  the  aqueous  portion  of  the  reaction 
mixture . 

5 .  Column  chromatography  purification  of  DMPG  and 

of  DPPG 

lOOg  of  Unisil  were  activated  by  heating  overnight 
at  110°C.  A  column  (3  cm  x  60  cm  packed  height)  was  poured 
in  CHCl^  and  washed  with  200  ml  of  CHCl^.  The  sample  was 
applied  in  a  minimum  volume  of  CHCl^  and  allowed  to 
equilibrate  on  the  column  for  1/2  hour  before  starting 
elution. 

The  elution  was  done  using  a  stepwise  CHCl^rMeOH 
gradient.  The  column  effluent  was  monitored  by  t.l.c.  The 
PG  eluted  between  12-20%  MeOH  in  CHCl^.  Considerable  over¬ 
lap  occurred  in  the  elution  of  the  PA  and  PG  from  the  column. 

The  overall  yield  from  starting  material  was  20-30%. 

It  was  later  found  that  the  conditions  used  to 
extract  the  lipid  samples  from  the  reaction  mixture  would 
result  in  a  mixture  of  the  Na+  salt  and  the  protonated  form 
of  the  PG.  Conversion  of  the  PG  completely  to  the  Na+  form 
(see  d.t.a.  sample  preparation)  prior  to  column  chromatography 
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should  increase  the  efficiency  of  the  column. 

6 .  Extraction  procedure  for  DOPG 

The  distribution  of  DOPG  in  the  aqueous-ether  mixture 
was:  H^O  ^  1%;  interfacial  30-40%;  ether  60-70%.  Due  to  the 
smaller  volume  of  reaction  mixture  used  in  the  DOPG  prepar¬ 
ations  (50  ml)  and  the  greater  solubility  of  the  dioleoyl 
phospholipids  in  non-polar  solvents,  the  subsequent  extraction 
procedure  differed  from  that  used  for  DMPG  and  DPPG. 

After  addition  of  excess  ether  and  cooling  to  4°C, 
the  aqueous  layer  and  the  interface  material  were  separated 
from  the  ether  layer  and  centrifuged  in  an  IEC  PR-6  centri¬ 
fuge  for  five  minutes  (T  =  4°C)  at  1000  rpm.  The  interface 
material  became  pelleted  allowing  easy  separation  of  the 
aqueous  and  interface  material.  The  solid  interface  pellet 
was  suspended  in  50  ml  ether,  stirred  then  filtered  and  the 
filtrate  combined  with  the  original  ether  fraction.  Greater 
than  95%  of  the  total  lipid  phosphorus  was  found  in  this  com¬ 
bined  ether  fraction.  After  removal  of  ether  jLn  vacuo ,  16  ml 

of  0.1M  N a 2EDTA ,  40  ml  MeOH  and  20  ml  CHC13  were  added  and 

the  solution  titrated  to  pH  9.2  with  1 . 0M  NaOH.  The  solution 
was  then  made  biphasic  according  to  Bligh  and  Dyer  (114)  and 
the  lower  (CHCl^)  layer  dried  by  rotary  evaporation.  The 
residue  was  redissolved  in  a  minimum  volume  (^1  ml)  for  appli¬ 
cation  in  preparative  t.l.c. 
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7 .  Preparative  thin  layer  chromatography  -  DOPG 

The  plates  used  were  pre-coated  (5  x  10  cm)  silica 
gel  plates  (Merck).  The  sample  was  applied  as  single  spots 
across  the  width  of  the  plates  to  a  total  of  3-4  mg  per  plate. 

The  solvent  system  was:  CHCl^MeOH;  NH3:H20  (65/35/2.5/2.5  by 
volume) . 

After  developing  and  drying,  the  plates  were  observed 
under  short  wave  UV  light.  The  zone  containing  the  PG 
(Rf  0.75)  was  just  detectable.  This  zone  was  scraped  from 
the  plates,  suspended  in  CHCl^iMeOH  (2:1  v/v)  and  transferred 
to  a  plugged  buret.  The  DOPG  was  eluted  with  CHCl^MeOH 
(2:1  v/v).  Overall  yield  from  starting  material  was  approxi- 
ma t ely  30% . 

8 .  General  comment  on  these  preparative  procedures 
for  the  diacyl  PGs 

Considerable  variation  was  observed  in  the  distri¬ 
bution  of  the  lipids  among  the  organic,  aqueous  and  interface 
material  as  well  as  in  the  relative  amounts  of  PG:PA:PC 
present  in  each  preparation.  These  variations  necessitated 
close  monitoring  of  the  extraction  procedures  by  t.l.c.  and 
phosphorus  determinations  to  minimize  loss  of  product. 

9 .  Atomic  absorption  spectrophotometry 

Atomic  absorption  measurements  were  done  using  a 
Unicam  SP  90A  Series  spectrophotometer  with  a  10  cm  acetylene 
burner.  Procedures  outlined  in  the  Pye  Unicam  Method  Sheets 
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Ca2  and  Mg2  were  followed  for  Ca++  and  Mg++  determinations, 
respectively . 

10 .  Phosphorus  determinations 

Phospholipid  phosphorus  was  determined  by  the  method 
of  King  (115).  For  synthetic  lipids,  calculations  were  based 
on  the  anhydrous  molecular  weight.  For  naturally  occurring 
phospholipids  an  average  molecular  weight  of  775  was  assumed. 

1 1 .  Fatty  acid  analysis 

Fatty  acid  methyl  esters  were  prepared  and  isolated 
by  the  method  of  Brockerhoff  (116). 

The  methyl  esters  were  analysed  using  a  Hewlett- 
Packard  5700A  gas  chromatograph  equipped  with  a  diethylene 
glycol  succinate  column.  Quantitation  of  peaks  was  by 
Hewlett-Packard  3370B  Integrator.  Peaks  were  identified  by 
reference  to  standards  from  Applied  Science  Laboratories, 
State  College,  Pa. 

12 .  Differential  thermal  analysis 

(a)  Na+  -  salt  of  diacyl  PGs .  The  Na+  salt  of  PG  was 
obtained  by  making  a  Bligh  and  Dyer  (114)  monophasic  solution 
(Ca++  removed  by  prior  EDTA  wash)  in  which  the  aqueous  com¬ 
ponent  consisted  of  0 . 1M  Tris-HCl  then  titrating  the  solution 
to  pH  9.5  with  1 . 0M  NaOH.  The  standard  Bligh  and  Dyer  pro¬ 
cedure  was  then  followed  to  extract  the  PG  into  the  CHCl^ 
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(b)  Protonated  diacyl  PG.  This  form  of  the  PG 
obtained  in  a  manner  analogous  to  that  used  for  the  Na+  salt 
except  the  monophasic  Bligh  and  Dyer  solution  was  titrated 
to  pH  2.5  with  1 . OM  HC1  prior  to  extraction  into  CHCl^. 

Aliquots  of  stock  lipid  solution  were  dried  under 
to  remove  all  visible  solvent,  then  stored  under  vacuum  at 
room  temperature  for  10-12  hours  to  remove  final  traces  of 
solvent. 

The  dried  lipid,  usually  2-3  mg,  was  placed  in  a  2  mm 
diameter  capillary  tube  and  H  2  0  or  1.0M  C  a  C 1 2  added  with  a 
Hamilton  microliter  syringe.  Water  was  usually  present  in 
approximately  a  100  fold  molar  excess.  The  tube  was  then 
sealed  and  the  lipid  sample  hydrated  by  the  method  of 
Ladbrooke  e_t  a_l.  (117). 

When  mixtures  of  lipids  were  required,  the  lipids 
were  mixed,  in  the  required  molar  amounts  in  CHC13,  before 
drying  under  ^  . 

The  analysis  was  carried  out  with  a  DuPont  900 
Thermal  Analyzer  using  the  micro  heating  block.  Rate  of 
heating  and  cooling  was  approximately  10°C/min.  Anhydrous 
N2 ,  cooled  by  passage  through  a  copper  coil  submerged  in 
liquid  N2,  was  used  for  cooling. 

Thermograms  were  recorded  on  graph  paper  corrected 
for  non-linearity  of  the  Chromel-Alumel  thermocouples. 
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13 .  Nuclear  magnetic  resonance  13c.  1H 

Sample  preparation.  Samples  were  dried  under  , 

then  in  vacuo  to  remove  solvents.  They  were  redissolved  in 

CDCl^  with  traces  of  MeOD  added  if  necessary  for  complete 

solubilization  of  the  lipid.  TMS  was  used  as  an  internal 

reference.  Sample  size  was  approximately  50  mg  for  spectra 

and  approximately  400  mg  for  13C  spectra. 

Proton  N.M.R.  spectra  were  obtained  on  a  Varian 

Ha-100-12  at  a  frequency  of  100.1  MHz  and  T  =  35°C. 
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The  C  spectra  were  obtained  on  a  Bruker  WP-60 
spectrophotometer  at  a  frequency  of  15.08  MHz. 

Assignments  of  the  resonances  for  the  1H  spectra  were 
based  on  comparison  with  values  published  by  Tocanne  e_t  al. 
(118)  for  dilauroylphosphatidylglycerol .  The  13C  assignments 
were  determined  with  reference  to  Birdsall  et  al,  (119). 

1 A .  Sonication  of  lipids 

Sonication  of  lipid  samples  was  done  with  a  Bronwill 
Biosonik  IV  ult rasonicator  with  a  titanium  tip.  Low  intens¬ 
ity  sonication  was  used  to  disperse  lipids  in  aqueous 
solutions.  For  short  bursts  of  sonication  (0-60  sec)  the 
samples  were  at  room  temperature.  If  prolonged  sonication 
was  required,  the  samples  were  placed  in  an  ice  bath  or  in 
a  water-cooled  cell. 

15.  Titrations  of  DMPG 


Titrations  were  done  in  a  glass  vessel  designed 
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that  the  titration  solutions  could  be  continuously  stirred 
and  the  temperature  in  the  vessel  controlled  by  use  of  a 
water  circulator.  The  pH  was  monitored  continuously  by  means 
of  a  Radiometer  GK-2302-C  combination  electrode  in  conjunction 
with  a  PHM  22  meter. 

Sample  preparation  and  the  titration  procedure  were 
as  previously  described  (83).  The  titrants  were  standardized 
by  titration  with  primary  standard  Na2C03.  The  DMPG  titrations 
were  done  at  2  5  °  C . 

For  titrations  in  which  the  solutions  were  sonicated, 
the  following  procedure  was  used.  Titrant  was  added  with  a 
microliter  syringe  (10  pi  or  50  pi  capacity)  and  the  pH 
recorded.  The  mixture  was  then  sonicated  for  2  minutes  at 
room  temperature  and  the  pH  recorded  again  once  the  reading 
had  stab ilized . 

16 .  Clotting  assays 

(a)  Reagents .  Standard  Normal  Plasma  (SNP)  from  DADE 
was  reconstituted  with  distilled  water  (1  ml/vial). 

A  1/55,000  solution  of  Russell  viper  venom  (RVV)  was 
made  in  Michaelis  buffer  at  pH  7.35. 

The  CaCl^  solution  was  0.025M. 

(b)  Lipid  samples .  Mixed  phospholipid  solutions  were 
made  by  combining  the  required  molar  amounts  of  the  lipid  com¬ 
ponents  in  CHCl^  then  removing  the  solvent  under  N2  and  subse¬ 
quently  in  vacuo .  Michaelis  buffer  was  then  added  and  the 
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mixtures  sonicated  briefly  (30  sec)  to  disperse  the  lipids. 
The  samples  were  vortexed  vigorously  immediately  prior  to 
use  in  the  assays.  Unless  otherwise  noted  the  total  lipid 
phosphorus  concentration  was  8  yg/ml. 

Phosphatidylserine  and  egg  phosphatidylcholine 
samples  were  prepared  similarly  to  the  synthetic  lipids. 

Bell  and  Alton  cephalin  was  diluted  from  stock 
solution  with  Michaelis  buffer  to  give  a  range  of  concen¬ 
trations  (usually  2.0-6.01  ygP/ml)  suitable  for  defining  a 
standard  clotting  activity  curve. 

(c)  Standard  37°C  assay.  The  one  stage  RVV  test  as 
described  by  Hjort  e t  a  1 .  (120)  and  Bachmann  e_t  a  1 .  (121) 

was  modified  to  permit  evaluation  of  the  effect  of  the  lipid 
component  on  clotting  activity.  The  SNP,  RVV,  and  CaCl2 
were  maintained  at  constant  and  near-optimal  concentrations. 

Reagents  in  active  use  were  incubated  at  37°C.  For 
each  assay,  0.1  ml  of  SNP,  0.1  ml  of  lipid  or  B  &  A  cephalin 
and  0.1  ml  of  RVV  solution  were  mixed  in  a  clotting  tube  at 
37°C.  Then  0.1  ml  of  0.025M  CaCl2  was  added  and  rapidly 
mixed  by  shaking.  The  tube  was  then  tilted  back  and  forth 
so  that  the  assay  mixture  flowed  along  the  wall  of  the  tube. 
Clotting  times  were  measured,  by  stopwatch,  starting  with 
the  addition  of  the  CaCl2,  until  clot  formation  impeded  the 
flow  of  the  assay  mixture.  A  minimum  of  three  assays  was 
performed  with  each  lipid  sample  to  check  reproducibility. 

Clotting  times  were  converted  to  "equivalent  B  &  A 
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cephalin  units"  (ygP/ml)  by  reading  from  a  calibration  curve 
of  log  clotting  time  (sec)  versus  log  Bell  and  Alton  cephalin 
concentration  (ygP/ml). 

( ^ )  Clotting  assay  at  30°C.  This  assay  was  identical 
to  the  above  except  all  the  reagents  were  stored  and  manip¬ 
ulations  performed  at  30°C. 

(e)  Clotting  assay  at  44°C.  For  this  assay,  the 
lipid  component  and  the  CaCl2  were  incubated  at  44°C  but  the 
SNP  and  RVV  were  incubated  at  37°C  until  being  placed  in  a 
olotting  tube  at  44  C  immediately  before  starting  an  assay. 
This  allowed  the  assay  mixture  to  warm  to  44°C  prior  to 
addition  of  the  CaCl2  without  exposing  the  heat  labile  SNP 
and  RVV  to  the  higher  temperature  for  extended  periods. 

1 7 .  Light  scattering  experiments 

The  light  scattering  experiments  were  performed  in  a 
Perkin-Elmer  MPF-4  Fluorescence  Spectrophotometer  with  a 
circulating  water  bath  providing  the  hea t ing / c oo 1 ing  modes. 

The  temperature  of  the  sample  was  monitored  by  a  thermocouple 
in  direct  contact  with  the  sample  solution  and  equipped  with 
digital  readout. 


CHAPTER  IV 


PHYSICOHEMICAL  STUDIES  OF  LIPIDS 
A.  PROTON  MAGNETIC  RESONANCE  SPECTRUM  OF  DMPG 

The  nuclear  magnetic  resonance  spectrum  (Fig.  7) 
obtained  for  DMPG  corresponded  well  with  the  spectrum 
published  for  didodecanoyl  phosphat idy lglycero 1  ( DLPG)  (118). 
On  the  basis  of  chemical  shifts,  the  resonance  bands  could 
be  assigned  as  indicated  in  Table  I. 

Methylene  protons  3  to  the  carbonyl  functions  of  the 
acyl  chains  (C2f)  were  shifted  slightly  down  field  and 
appeared  as  a  broad  shoulder  on  the  main  methylene  peak 
centered  at  1.6  ppm  (119).  They  were  integrated  together 
with  the  protons  from  C4 '  to  C13'. 

The  complex  pattern  observed  between  3.63  and  4.44 
ppm  could  not  be  first  order  analysed  at  100  MHz.  However, 
the  integral  accounts  for  the  eight  methylene  protons 
associated  with  Cl,  C 1 ' ’ ,  C3  and  C  3  ’  1  plus  the  methyne 
proton  from  C2 ’ ’ . 

B.  13C  NUCLEAR  MAGNETIC  RESONANCE  SPECTRUM  OF  DMPG 
13 

The  C  spectrum  (Fig.  8)  and  chemical  shift  values 
obtained  for  DMPG  corresponded  well  with  data  reported  (119) 
for  DPPC  and  other  model  compounds  (Table  II). 
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igure  7  .  Proton  magnetic  resonance  spectrum  of 
PHPG.  Frequency  =  100  MHz.  Sample 
size  55  mg.  Solvent  CDC13:CD30D  (2:1  v/v) 
+  IMS  as  internal  reference.  T  =  31°C, 
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TABLE  I 

Chemical  Shift  Assignments 
Proton  Magnetic  Resonance  Spectrum  of  DMPG 


Chemical 
shift 
d  =  ppm 

Assignment 

No .  of  Protons 

0.88 

Methyl  protons  of  acyl 
chains . 

6 

1.27 

Methylene  protons  of 
acyl  chains  C4'  to  C13’. 

48 

1.60 

Methylene  protons  6  to 
carbonyl  functions  of 
acyl  chains .  C 3  ’  . 

2 . 32 

Methylene  protons  a  to 
carbonyl  functions  of 
acyl  chains.  Position 

C2  '  . 

4 

3.63-4.44 

Methylene  protons  from 

Cl,  Cl'*,  C3'';  Methyne 
proton  f r om  C 2 ’  '  . 

9 

5  .  22 

Methyne  proton. 

Posit  ion  C2  . 

1 

Spectrum  obtained  at  100.1  MHz.  Solvent  CDC1  : CD  OD 
(2/lv/v).  Sample  size  52  mg. 
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Figure  8 . 


C  nuclear  magnetic  resonance 
DMPG,  Frequency  =  15.08  MIIz. 
452  mg.  Solvent  CDCl^  +  TMS  as 
reference. 


spectrum  of 
Sample  size 
internal 


C  Chemical  Shift  Assignments  for  DMPG  and  some  Related  Compounds 
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Chemical  shifts  were  measured  in  6-ppm  down  field  from  internal  TMS.  Chemical  shifts  reported  relative 
to  dioxane  (119)  were  converted  to  the  TMS  reference  scale  by  adding  67.4  ppm  to  6  values  downfield 
from  dioxane  (122). 
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C.  DIFFERENTIAL  THERMAL  ANALYSIS 

Differential  thermal  analysis  was  used  to  investigate 
the  thermal  properties  of  the  synthetic  phospholipids.  The 
method  is  non-perturbing  at  the  molecular  level  and  is 
sensitive  enough  to  yield  data  with  relatively  small  lipid 
samples  (approximately  2  mg) . 

All  the  synthetic  phospholipids  used  in  this  study 
were  intramolecularly  homogeneous  with  respect  to  acyl  chain 
composition;  therefore,  reference  to  phospholipid  species 
with  identical'  or  ' non- ident ical  '  chains  refers  only  to 
i n t e r mo 1 e c u 1 a r  acyl  chain  heterogeneity. 

Unless  otherwise  specified,  the  transition  temper¬ 
atures  ( T ^ )  were  recorded  as  the  t emp e r a tu r e ( s )  at  which  the 
inflection  point(s)  occurred  within  the  thermographic  peaks. 

1 •  Differential  thermal  analysis  of  the  sodium 

salts  of  synthetic  phosphatidy lglycerols 

The  thermograms  of  the  phosphat idy lglycerols  (Na^) 
were  virtually  identical  to  those  obtained  for  the  pure 
synthe  tic  phosphatidylcholines  (Fig.  9).  The  main  endo¬ 
thermic  peaks  showed  a  high  degree  of  co-operat ivity  (sharp, 
narrow  peak)  and,  with  DMPG-Na+  and  DPPG-Na+,  a  pre-transition 
was  observed  that  was  qualitatively  similar  to  those  observed 
with  the  pure  saturated  phosphatidylcholines.  Pre-transit  ions 
were  not  observed  with  either  of  the  dioleoyl  phospholipids. 

The  main  transitions  for  DMPG-Na+,  DPPG-Na+  and 
DOPG-Na+  occurred  at  temperatures  (T£)  very  close  or  identical 


Figure  9.  Differential  thermal  analysis  thermograms  for 
pure  phosphat idylglycerols  and  pure  phos¬ 
phatidylcholines.  The  sodium  salts  of  the 
ph o s ph a t i dy 1 g ly c e r o 1 s  were  obtained  as  described 
in  the  Methods  section.  Dried  lipid  samples 
were  hydrated  using  excess  Tris-HCl  (0.01M) 
in  NaCl  (0.15M)  at  pH  9.0.  Heating  rate 
approximately  10°C  per  minute.  AT  scale 
0  .  l°C/in. 


Endo — - - AT  - - - - Exo 


57 


to  those  observed  for  the  corresponding  phosphatidylcholines: 
DMPC,  DP P C  and  DOPC,  respectively  (Table  III). 

^ *  Differential  thermal  analysis  of  mixtures  of 

£_h osphatidylglycerol  sodium  salts  and  phosphatidyl¬ 

cholines  with  identical  acyl  chains 

Lipid  mixtures  containing  the  sodium  salt  of  a  syn¬ 
thetic  phosphat idy lglycerol  and  the  corresponding  phos¬ 
phatidylcholine  (identical  acyl  chains)  appeared  to  be 
completely  miscible  in  all  proportions.  The  mixtures  under¬ 
went  a  highly  co-operative  gel  to  liquid-crystal  phase  trans¬ 
ition  at  the  temperature  characteristic  for  the  pure 
components  (Figs.  10,11). 

f  t  f  t  sri  s  i  t  ion  s  similar  to  those  observed  with  pure 
saturated  phosphatidylcholines  and  phosphatidylglycerols 
were  observed  with  samples  which  contained  a  wide  range  of 
phosphatidylcholine : phosphat idylglycerol  molar  ratios 
(Figs .  10,11). 

3 •  Differential  thermal  analysis  of  mixtures  of  phos¬ 

phat  idy lgly cerol  sodium  salts  and  phosphatidyl¬ 
cholines  with  n o n- i d en t i c a 1  acyl  chains 

Mixtures  of  phosphatidylglycerols  with  acyl  chain 
composition  di-C^  and  phosphatidylcholines  with  acyl  chain 
composition  di-  Cn±2  showed  a  single  gel-liquid  crystal  endo- 
therm  that  was  slightly  less  co-operative  than  the  endotherms 
observed  for  mixtures  with  identical  acyl  chains.  (Fig.  12: 
DMPG  :  DLPC ;  DMPG:DPPC.  Fig.  13:  DPPG:DMPC;  DPPG:DSPC). 


The  transition  temperature  observed  with  this  type  of 
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TABLE  III 


in 

Multilamellar 

Suspens ion 

Phospholipid 

P  r  e- 

T 

exp  er 

t  rans it  ion 

T.  . 

literature 

Main 

T 

exp  er 

Transition 

T 

literature 

DOPC 

- 

- 

-18°  to  -20 

o  _2  2  0 

-16° 

(123) 

(124) 

DOPG 

- 

- 

-18° 

-18° 

(100) 

DMPC 

18° 

14.2°  (78) 

24° 

23.9° 

(78) 

DMPG 

18° 

- 

24° 

23° 

(79) 

DP  P  C 

37° 

37°  (80) 

42° 

42.4° 

(80) 

DPPG 

36.5° 

35°  (80) 

42° 

41° 

(80) 
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Fig.  10.  Differential  thermal  analysis  thermogram 
of  DMPG-Na+ : DMPC  mixtures.  The  required 
molar  ratios  of  lipid  were  mixed  in  CHCI3. 
The  CHCI3  was  removed  under  a  stream  of 
N2  and  subsequently  in  vacuo  at  room  temp¬ 
erature.  Hydration  and  heating  conditions 
as  for  Fig.  9. 
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Figure  11.  Differential  thermal  analysis  thermograms 
of  DOPG-Na+ : DOPC  and  DPPG-Na+ : DPPC  mix¬ 
tures.  Experimental  details  as  for 
Fig.  9. 
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Figure  12.  Differential  thermal  analysis  thermograms 
o f  e quimo lar  mixtures  of  DMP G-Na+  and 
phosphatidylcholines .  Experimental 
details  as  for  Fig.  9. 
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Fig.  13.  Differential  thermal  analysis  thermograms 

of  equimolar  mixtures  of  DPPG-Na+  and  phos¬ 
phatidylcholines.  Experimental  details  as 
for  Fig.  9 . 
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mixture  appears  to  be  essentially  a  linear  function  related 
to  the  transition  temperatures  (T£)  of  the  pure  components 
and  the  mole  fraction  (X  )  such  that: 


XT 
1  c 


+  X  0  T 
2  c , 


c  . 

mixture 


Mixtures  of  di-C  phosphat idylglycerols  with  di-C 

n±  4 

phosphatidylcholines  resulted  in  thermograms  with  broad  non- 
cooperative  endothermic  peaks  with  two  inflection  points. 
These  inflection  points  were  at  temperatures  between  the 
Tcs  observed  for  the  pure  components  and  varied  with  the 
composition  of  the  particular  mixture.  (Fig.  12:  DMPG:DSPC; 
Fig.  13:  DPPG  :  DLPC )  . 


^  ^  e  r  en  i  a  1  thermal  analysis  of  mixtures  of  phos- 

h atidylglycerol  calcium  salts  and  phosphatidyl¬ 

cholines  1 

Cooperative  melting  behaviour  was  observed  in  mixtures 

in  which  the  acyl  chains  of  the  phosphatidylcholines  were 

equivalent  to  (di-C  )  or  two  carbons  longer  than  (di-C  ) 

n  n+2 

the  acyl  chains  of  the  pho s pha t idy lg ly c er o 1-C a++ .  This  is 
illustrated  in  Fig.  14  for  DPPG-Ca  "*":DPPC  and  DPPG-Ca"*""*" :  DSPC 
mixtures . 

Mixtures  in  which  the  acyl  chains  of  the  phosphatidyl¬ 
choline  were  shorter  than  the  acyl  chains  of  the  DPPG-Ca++ 
exhibited  non-cooperative  melting  behaviour.  The  thermograms 
of  DPPG-Ca++:DMPC  and  DPPG-Ca++ : DLPC  showed  broad  transitions 
with  two  inflection  points  (minima)  -  indicative  of  hetero¬ 
geneous  lipid  domains  (Fig.  15). 


' 


Fig.  14.  Differential  thermal  analysis  thermograms  of 
equimolar  mixtures  of  DPPG:DPPC  and  DPPG:DSPC 
in  the  presence  of  Ca++.  Dried  lipid  samples 
were  hydrated  with  10  y  1  of  1 . 0M  CaCl2» 

Other  experimental  details  as  for  Fig.  9. 
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Figure  15.  Differential  thermal  analysis  thermograms 
of  equimolar  mixtures  of  DPPG:DMPC, 

DPPG :  DLPC  and  DPPG:DOPC  in  the  presence 
of  Ca++.  Experimental  details  as  for 
Fig.  14. 
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Mixtures  of  DOPC  and  DPPG-Ca  also  exhibited  non- 
cooperative  melting  behaviour.  Two  distinct  endotherms  were 
visible,  one  at  -3°C,  the  other  at  48°C  (Fig.  15). 

The  behaviour  of  DMPG-C a++ : pho s pha t idy lcho 1 ine  mix¬ 
tures  was  analogous  to  that  observed  with  DPPG-Ca++: 
phosphatidylcholine  mixtures.  Fig.  16  illustrates  the 


cooperative  thermal  behaviour  of  the  DMPC  and  DPPC  with 


DMPG  Ca  and  the  non-cooperative  behaviour  of  the  DLPC: 
DMPG-Ca+"*”  mixtures. 

Mixtures  of  DOPGrDOPC  and  DOPG:DSPC  in  the  presence 
_  ++ 

of  Ga  showed  thermal  properties  which  were  at  least 
partially  predictable  from  examination  of  the  thermograms 
of  the  DMPG-Ca  and  DPPG-Ca  +  mixtures  with  phosphatidyl¬ 
cholines.  The  DOPG-Ca  :DOPC  mixtures  melted  cooperatively 
(sharp,  narrow  endotherm) ,  as  expected  for  a  phosphatidyl- 
glycerol  and  the  corresponding  phosphatidylcholine.  However, 
the  effect  of  calcium  on  the  transition  temperature  of  these 
mixtures  was  less  profound  than  the  effect  on  lipid  mixtures 
with  saturated  acyl  chains.  The  thermograms  of  the  DOPG- 
Ca  :DSPC  mixtures  showed  two  widely  separated  endotherms 
(-10°,  +  45°).  The  non-cooperat ivity  shown  by  these  mixtures 
(Fig.  17)  was  anticipated  on  the  basis  of  the  widely  diff¬ 
erent  transition  temperature  of  the  two  components.  (Tc 
++ 


DOPG-Ca 


=  -1 2  °  C ;  Tc  DSPC  =  +5 5  0  C ) . 


Fig.  16.  Differential  thermal  analysis  data  for  mixtures 
of  DMPG  and  phosphatidylcholines  in  the  presence 
of  Ca++.  Experimental  details  as  for  Fig.  14. 
The  solid  circles  represent  minima  in  the  ther¬ 
mograms  while  the  bars  represent  the  range  of 
temperature  over  which  AT  deviation  from  base¬ 
line  is  observed. 
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Fig.  17.  Differential  thermal  analysis  thermograms 

of  mixtures  of  DOPG  with  phosphatidylcholines 
in  the  presence  of  Ca++.  Experimental 
details  as  for  Fig.  14.  Sample  a  had  4  yl 
of  ethylene  glycol  added  to  eliminate  the 
ice-water  transition  in  the  0  to  -20°C  range. 
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5 •  Differential  thermal  analysis  of  DPPG-  Ca++ 

Samples  of  DPPG  which  were  allowed  to  equilibrate 
several  hours  in  1 . OM  CaCl2  prior  to  a  heating  run  gave  a 
single,  relatively  non-cooperative  endotherm  centered  at 
89  C  (Fig.  18a).  The  non-linearity  of  the  base  line 
between  60°C  and  80°C  was  suggestive  of  some  minimal 
thermal  activity  but  analysis  of  the  nature  of  the  activity 
was  not  possible. 

The  cooling  curve  consisted  of  a  single,  sharp  exo¬ 
thermic  peak  centered  at  approximately  58°C  (Fig.  18b). 

Samples  of  DPPG-Ca++  which  were  subjected  to  consec¬ 
utive  heating  runs  without  time  to  equilibrate  between  runs 
gave  the  complex  but  reproducible  thermogram  illustrated 
in  Figure  18c.  This  thermogram  consisted  of:  (1)  an  endo¬ 
therm  centered  at  59°C,  (2)  a  broad  exotherm  at  68°C, 

(3)  an  endotherm  at  77°C,  (4)  an  exotherm  at  81°C,  and 

finally  (5)  an  endotherm  centered  at  89°C. 

The  cooling  curve,  following  a  heating  curve  of  this 
type  was  identical  to  Fig.  18b. 

Due  primarily  to  the  simplicity  of  the  cooling  curves, 
it  was  felt  that  the  complexity  of  the  ' non-equilibrated ' 
heating  curves  was  a  result  of  progressive  int er conver s ion 
of  the  lipid  to  a  series  of  metastable  forms  rather  than  a 
number  of  different  thermally  stable  forms.  This  was 
demonstrated  to  be  the  case  by  the  following  series  of 
experiments . 

A  ’non-equilibrated'  sample  of  DPPG-Ca++  was  heated 
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Fig.  18.  Differential  thermal  analysis  thermograms 
of  DPPG-Ca++.  DPPG  was  hydrated  with  10 
yl  of  1.0M  C aC 1 2 • 

(a)  Heating  curve  of  sample  allowed  to 
equilibrate  prior  to  thermal  analysis. 

(b)  Cooling  curve  subsequent  to  (a). 

(c)  Heating  curve  of  sample  subjected  to 
consecutive  heating  runs  without  time 
to  equilibrate . 
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to  7  0  °  C  (Fig.  19c),  then  cooled  (Fig.  19d)  to  below  40°C. 
Only  a  trace  of  an  exotherm  at  58°C  was  visible  in  the 
cooling  curve.  The  subsequent  heating  curve  showed  just  a 
trace  endotherm  at  59°C  and  no  exotherm  at  68°C  (Fig.  19e). 
The  thermogram  from  70°C  through  90°C  was  essentially 
identical  to  the  same  region  of  the  ' non-equilibrated ' 
sample  heating  curve  (Fig.  19a).  The  cooling  curve, 
following  heating  to  90°C,  is  illustrated  in  Fig.  19b. 

A  similar  series  of  analyses  demonstrated  that  heat¬ 
ing  a  sample  to  80°C  (Fig.  20a)  converted  the  lipid  to  a 
form  that,  on  subsequent  cooling  and  heating,  was  thermally 
stable  to  above  80°C.  The  cooling  curve  (Fig.  20b)  showed 
no  exotherm  at  58  C  and  the  subsequent  heating  curve 
(Fig.  20c)  consisted  of  a  single  endotherm  centered  at  89°C, 
essentially  the  same  as  an  'equilibrated*  sample. 

A  sample  previously  heated  to  95°C  could  be  cooled 
to  60°C  (Fig.  20d)  with  no  transition  evident.  Reheating 
to  9  5  0  C  showed  the  endotherm  at  89°C  had  been  almost  com¬ 
pletely  eliminated  (Fig.  20e) .  A  complete  cooling  curve  of 
this  mixture  consisted  of  a  single  sharp  endotherm  centered 
at  5  8  0  C  (Fig.  20f). 

6 .  Differential  thermal  analysis  of  DMPG-Ca++ 

Thermograms  of  equilibrated  samples  of  DMPG-Ca++ 
showed  a  single  relatively  cooperative  endotherm  centered 
at  87°C  (Fig.  21b).  'Non-equilibrated'  samples  (less  than 
30  minutes  between  runs)  showed  an  exotherm  at  44°C,  a 


Figure  19 . 


Differential  thermal  analysis  thermograms 

of  DPPG-Ca++. 

(a)  ' Non-equilibrated ’  s amp  1 e- c ond i t ions 

as  for  Fig .  18c . 

(b)  Cooling  curve  following  heating  to 
9  0  0  C  . 

(c)  Heating  curve  of  ’non-equilibrated* 
s  amp le  to  70°C. 

(d)  Cooling  curve  of  c. 

(e)  Complete  heating  curve  subsequent  to 
c  and  d . 
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Figure  20. 


Differential  thermal  analysis  thermograms 
of  DPPG-Ca++. 

(a)  '  Non-equilibrated '  sample  heated  to 
80  0  C  . 

(b)  Cooling  curve  subsequent  to  a. 

(c)  Heating  curve  subsequent  to  a  and  b. 

(d)  Cooling  curve  of  c  to  60°C. 

(e)  Heating  curve  from  60°C  to  90°C. 

(f)  Cooling  curve  following  e. 
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Fig.  21.  Differential  thermal  analysis  thermogram 
of  DMPG-Ca++.  Samples  were  hydrated  with 
10  yl  1.0M  C aC 1 2 •  The  term  ' non-equilibrated ' 
indicates  heating  runs  were  less  than  30  min. 
apart. 

(a)  Heating  curve  for  'non-equilibrated* 
s  amp  1 e . 

(b)  Heating  curve  for  equilibrated  sample. 

(c)  Cooling  curve  obtained  following  either 
a  or  b  . 
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complex  series  of  low  energy  endotherms  and  exotherms  between 
68  C  and  82  C,  followed  by  a  large  cooperative  endotherm  at 
8  7  °  C  (Fig.  21a). 

The  cooling  curve  for  both  'equilibrated'  and  'non- 
equilibrated 1  samples,  previously  heated  to  90°C,  consisted 
to  a  single  sharp  exotherm  at  40°C  (Fig.  21c).  Metastable 
behaviour  analogous  to  that  seen  with  the  DPPG-Ca++  could 
be  demonstrated. 

7 .  Differential  thermal  analysis  of  DPPG-Mg++ 

The  heating  curve  for  DPPG-Mg++  consisted  of  a  single, 
cooperative  endotherm,  centered  at  59°C  (Fig.  22a).  A 
sample  which  had  been  allowed  to  equilibrate  for  approxi¬ 
mately  three  days  in  1 . OM  MgC^  at  room  temperature  gave  a 
more  complex  thermogram  consisting  of  two  small  endotherms 
at  59°C  and  65°C,  a  small  exotherm  at  approximately  69°C 
and  a  large  endotherm  centered  at  76°C  (Fig.  22b).  After 
the  first  heating  run,  the  thermal  behaviour  of  this  sample 
reverted  to  the  single  59°C  endotherm  seen  in  Fig.  22a. 

The  conversion  of  the  DPPG-Mg  to  the  high-melting 
( 7  6  °  C )  form  appeared  to  be  slow  (>3  days)  and  the  small 
complex  detail  seen  in  Fig.  22b  probably  results  from  incom¬ 
plete  conversion  of  the  DPPG-Mg++  to  the  high-melting  form. 

8 .  Differential  thermal  analysis  of  DMPG-Mg++ 

The  thermal  behaviour  observed  for  DMPG-Mg++  (Fig.  23) 
was  more  complex  than  that  observed  for  DPPG-Mg++.  The 
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Figure  221.  Differential  thermal  analysis  of  DPPG. 

(a)  DPPG-Na+.-  heating  scan.  Experi¬ 
mental  details  as  for  Fig.  9. 

(b)  DPPG-H+  -  heating  scan.  Experi¬ 
mental  details  as  for  Fig.  29e. 


Figure  2211.  Differential  thermal  analyses  of  DPPG- 

Mg++. 

(a)  Heating  curve  for  DPPG-Na+  hydrated 
with  7  yl  1 .  OM  MgC^* 

(b)  Heating  curve  for  DPPG-Na  hydrated 
with  10  yl  of  1  .  OM  MgC^. 

Sample  was  allowed  to  equilibrate  3 
days  at  room  temperature  prior  to  heat¬ 
ing.  After  the  first  heating  run  the 
sample  reverted  to  a  thermogram  ident¬ 
ical  to  a  . 
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Fig.  23.  Differential  thermal  analysis  of  DMPG-Mg++. 

Samples  were  hydrated  with  7  yl  of  1  .  OM 
MgCl2. 

(a)  Complete  heating  curve. 

(b)  Complete  cooling  curve. 

(c)  Heating  to  55°C. 

(d)  Cooling  curve  subsequent  to  c. 

(e)  Heating  curve  following  c  and  d. 
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DMPG  Mg  t h 6 rrao g i am  had  features  which  bore  more  resemblance 

to  the  DPPG-Ca  heating  curve  than  to  the  DPPG-Mg++  curve. 

++ 

The  DMPG -Mg  thermogram  consisted  of  a  sharp  endo- 


therm  at  44  C  followed  by  a  broad  exotherm  centered  between 
50°C  and  60°C,  then  a  cooperative  endotherm  at  68°C  (Fig.  23a). 

The  cooling  curve  consisted  of  a  single  sharp  exotherm 
at  40  °  C  (Fig.  23b). 

Heating  a  sample  to  approximately  55°C  (Fig.  23c) 
resulted  in  elimination  of  the  40°C  exotherm  on  cooling 
(Fig.  23d)  and  converted  the  DMPG-Mg++  to  a  more  stable  form 
which  on  subsequent  heating  gave  a  single  endotherm  at  68°C 
(Fig.  2  3e)  . 

The  DMPG-Mg  spontaneously  converted,  at  room  temp¬ 
erature,  to  the  higher  melting  form  (68°C)  if  allowed  to 
equilibrate  overnight.  This  was  in  contrast  with  DPPG-Mg++ 
which  required  in  excess  of  three  days  for  a  similar  con¬ 
version  . 


9 «  Effect  of  cholesterol  on  the  thermal  behaviour  of 

phosphatidylglycerols 

Mixtures  of  DPPG-Na+  or  DMPG-Na+  with  cholesterol  in 
a  3:1  molar  ratio  resulted  in  a  pronounced  decrease  in  the 
cooperat ivity  of  the  phase  transitions  (Fig.  24a:  DMPG; 
Fig.  25d:  DPPG) .  At  a  2:1  molar  ratio  of  phosphatidyl- 
glycerol  to  cholesterol  the  phase  transitions  of  both  the 
DMPG-Na  and  DPPG-Na+  were  abolished  throughout  the  temp¬ 
erature  range  scanned  (-50°C  to  +95°C). 


Fig.  24.  Differential  thermal  analysis  of  DMPG: 

cholesterol  (3:1). 

(a)  Heating  curve  for  sample  hydrated 
with  7  y 1  Tris-HCl  (0.01M)  in  NaCl 
(0.15M)  at  pH  9.0. 

(b)  Heating  curve  for  sample  in  7.0  y 1 
1.0M  CaC 1 2 • 

(c)  * Non-equilibrated ’  sample  (less  than 
30  min.  between  heating  runs)  in 
presence  of  1 . 0M  CaCl2* 

(d)  Cooling  curve  subsequent  to  either 
b  or  c . 
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Fig.  25.  Differential  thermal  analysis  of  DPPG: 

cholesterol  (3:1) 

(a)  Heating  curve  of  sample  hydrated  with 
7.0  pi  of  1 . 0M  CaCl2« 

(b)  Heating  curve  of  ' non ’ equilibrated ' 
(less  than  30  min.  between  runs) 
sample  in  the  presence  of  1 . 0M  CaCl2. 

(c)  Cooling  curve  following  either  a  or  b. 

(d)  Heating  curve  for  sample  hydrated 
with  7.0  pi  of  Tris-HCl  (0.01M)  in 
NaCl  (0.15M)  at  pH  9.0. 
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The  presence  of  Ca  opposed  the  effects  of  choles¬ 
terol  on  the  DPPG  and  DMPG.  For  example,  at  3:1  molar  ratio 
°f  PG-Ca  to  cholesterol  many  of  the  complex  features  of 
the  pure  PG-Ca++  thermograms  were  still  evident.  Thermo¬ 
grams  of  equilibrated  samples  of  DMPG-Ca++: cholesterol  (3:1) 
consisted  of  a  single  broad  endotherm  centered  at  86°C 
(Fig.  24b).  Similarly,  the  major  feature  of  the  DPPG-Ca++: 
cholesterol  (3:1)  thermogram  consisted  of  a  large  endotherm 
at  approximately  88°C  (Fig.  25a).  A  small  endotherm  at  50°C 
was  also  present  with  the  DPPG-Ca  samples.  This  was  not 
observed  with  DMPG-Ca++  samples. 

Thermograms  of  ' non-equilibrated '  samples  of  DMPG-Ca++: 
cholesterol  (3:1)  were  similar  to  the  DMPG-Ca  thermograms 
in  the  absence  of  cholesterol  (Fig.  24c).  The  exotherm  at 
40°C  was  present  and  complex  behaviour  was  observed  between 
50°C  and  80°C.  Although  the  thermograms  of  DMPG-Ca++ 

(Fig.  21a)  and  DMPG-Ca  +: cholesterol  (3:1)  showed  some  diff¬ 
erences  between  60°C  and  80°C  the  patterns  of  individual 
samples  also  exhibited  some  variation  in  this  temperature 
range  due  to  hysteretic  effects.  Thus  it  was  not  possible  to 
definitely  attribute  the  differences  to  the  effect  of  chol¬ 
esterol  on  the  melting  behaviour. 

The  cooling  curve  for  DMPG-Ca++: cholesterol  (3:1) 
consisted  of  a  single  very  broad  endotherm  centered  at 
approximately  40°C  (Fig.  24d)  . 

+  + 

Thermograms  of  'non-equilibrated'  DPPG-Ca  : cholesterol 

++ 


(3:1)  showed  two  major  differences  from  the  DPPG-Ca 


thermograms  (  Fig.  25b).  The  endotherm  seen  at  59°C  was 
eliminated  in  the  presence  of  cholesterol  and  the  exotherm 
at  66°C  in  the  absence  of  cholesterol  was  shifted  to  approx¬ 
imately  50  0  C  . 

The  cooling  curve  of  DPPG-Ca++: cholesterol  (3:1)  con¬ 
sisted  of  a  single  broad  endotherm  (Fig.  25c),  centered  at 
approximately  56°C,  similar  in  form  to  the  DMPG-Ca++ : cho 1- 
esterol  (3:1)  cooling  curve. 

Mixtures  of  DMPG-Ca++  or  DPPG-Ca++  with  cholesterol 
in  molar  ratio  2:1  exhibited  heating  curves  qualitatively 
similar  to  those  seen  with  mixtures  having  molar  ratio  3:1 
(Fig.  26:  DMPG;  Fig.  27:  DPPG) .  However,  a  major  difference 
induced  by  the  higher  cholesterol  concentration  was  evident 
in  the  cooling  curves.  At  PG-Ca  icholesterol  ratios  of 
2:1,  each  cooling  curve  consisted  of  a  single  exotherm 
centered  at  80°-85°C  (Fig.  26c:  DMPG;  Fig.  27b:  DPPG).  In 
contrast  with  the  3:1  mixtures  of  PG-Ca++: cholesterol,  no 
super-cooling  of  the  high  melting  form  was  observed  with  the 
2:1  PG-Ca++: cholesterol  samples. 

At  a  1:1  DPPG-Ca++: cholesterol  molar  ratio,  the 
appearance  of  the  thermogram  was  quantitatively  altered 
(Fig.  27d).  The  alteration  appeared  to  involve  a  decrease 
in  the  cooperat ivity  and  size  of  the  thermographic  peaks 
rather  than  complete  elimination  of  any  of  the  thermographic 
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Fig.  26.  Differential  thermal  analysis  of  DMPG: 

cholesterol  (2:1).  Samples  were  hydrated 
with  7  pi  of  1 . OM  Ca C 1 2  • 

(a)  Complete  heating  curve. 

(b)  Heating  curve  for  '  non-equilibrated ' 
samp le . 


(c)  Cooling  curve  subsequent  to  either 
a  or  b  . 
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Fig.  27.  Differential  thermal  analysis  of  DPPG: 
cholesterol  mixtures. 

(a)  Heating  curve  for  DPPG:cholesterol 
(2:1)  in  the  presence  of  1 .  OM  CaC^* 

(b)  Cooling  curve  subsequent  to  a  or  c. 

(c)  Heating  curve  of  ' non-equilibrated ' 
DPPG :  cholesterol  (2:1)  in  the 
presence  of  1.0M  CaC^* 

(d)  Heating  curve  for  DPPG: cholesterol 
(1:1)  in  1 .  OM  CaC^* 
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^  ®  •  P.  A  f  f er ent  ial  thermal  analysis  of  phosphatidyl— 
c h ollne:  phosphatidylglycerol-C mixtures  in 
the  presence  of  cholesterol 

Fig.  28  illustrates  the  effects  of  increasing  choles¬ 
terol  concentrations  in  mixtures  containing  equimolar  amounts 
of  DPPG-Ca  and  DLPC.  At  a  molar  ratio  of  8:1  total  phos¬ 
pholipid  :  cho  1  es  t  e  r  o  1  the  thermogram  is  changed  to  a  broad 
non-cooperative  endotherm  centered  at  approximately  30°C 
'.Fig.  28b).  At  a  4:1  phospholipid :  choles  terol  ratio,  the 
30  °  C  endotherm  had  decreased  slightly  in  size  but  the  shape 
remained  the  same  (Fig.  28c).  At  a  2:1  phospholipid  to 
cholesterol  ratio  the  lipid  transition  was  completely 
abolished  (Fig.  28d). 

Behaviour  analogous  to  the  DPPG-Ca++ : DLP C : cho 1 e s t er o 1 
case  was  observed  with  DMPG-Ca++ : DLPC : cho les terol  mixtures. 

1 1 •  Thermal  behaviour  of  mixtures  of  phosphatid y 1 - 
gly cer ol-Na+  and  phosphat idy lgly cerol-H+ 

The  extraction  procedures  and  sample  preparation 
indicated  in  the  legends  of  Fig.  29  (DPPG)  and  Fig.  30  ( DMPG ) 
resulted  in  samples  with  transition  temperatures  which  varied 
through  a  range  of  approximately  18°C.  Samples  extracted 
and  prepared  under  progressively  more  acidic  conditions  had 
progressively  higher  melting  points  approaching  a  limiting 
value  for  the  protonated  form  (Fig.  29a-e) .  With  the  DPPG 
samples  only  one  endotherm  was  observed  in  each  case.  With 
DMPG,  although  the  same  progressive  increase  in  transition 
temperature  could  be  observed  with  increasing  PG-H+:PG-Na+ 
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Fig.  28.  Effect  of  cholesterol  on  the  thermal 
behaviour  of  DPPG-Ca++ : DLPC  mixtures. 

(a)  Heating  curve  of  DPPG-C a’*’"*’ :  DLPC 
(1:1)  in  1 . OM  CaCl2* 

(b)  Heating  curve  of  DPPG-Ca  :DLPC: 
cholesterol  (1:1:0.25)  in  1 . OM 
CaCl 2 • 

++ 

(c)  Heating  curve  of  DPPG— Ca  :DLPC: 
cholesterol  (1:1:0. 5)  in  1 . OM 
CaCl^ • 

++ 

(d)  Heating  curve  of  DPPG-Ca  :DLPC: 
cholesterol  (1:1:1)  in  1 . OM 

C  a  C 1 2  » 
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Fig  • 


Differential  thermal  analysis  of  mixtures 

of  DPPG-Na+  and  DPPG-H+. 

(a)  Sample  extracted  from  a  monophasic 
Bligh  and  Dyer  mixture  of  0 . 1M  NaCl; 
0.01M  Na 2  EDTA  at  pH  9.0.  Hydrated 
with  Tris-HCl  (0.01M)  at  pH  9.0. 

(b)  Extracted  from  0.05M  NaCl;  saturated 
EGTA  at  pH  7.5.  Hydrated  with  Tris- 
HCl  (0.0 1M)  at  pH  9.0 

(c)  Extracted  from  0 . 1M  NaCl;  0.01M  Na2 
EDTA  at  pH  A. 5.  Hydrated  with  dis¬ 
tilled  H^O  . 

(d)  Extracted  from  0.05M  NaCl;  saturated 
EGTA  at  pH  A.0.  Hydrated  with  dis¬ 
tilled  h2o. 

(e)  Extracted  from  0.05M  NaCl;  saturated 
EGTA  at  pH  3.0.  Hydrated  with  dis¬ 
tilled  h2o  . 
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Fig.  30.  Differential  thermal  analysis  of  mixtures 

of  DMPG-Na+  and  DMPG-H+. 

(a)  Extracted  from  a  monophasic  Bligh  and 
Dyer  mixture  (see  Methods)  containing 
0.05M  NaC 1 ,  0 . 0 1M  EGTA  at  pH  8.5. 
Hydrated  with  NaOH  at  pH  9. 

(b)  Extracted  from  1 . 0M  NaCl;  0 . 1M  Na2 
EDTA  at  pH  4.5.  Hydrated  with  dis¬ 
tilled  H^O  . 

(c)  Extracted  from  1 . 0M  NaCl;  0 . 1M  Na2 
EDTA  at  pH  4.5.  Hydrated  with 
Michaelis  buffer  at  pH  3.0. 

(d)  Extracted  from  0.05M  NaCl;  saturated 
EGTA  at  pH  4.0.  Hydrated  with 
Michaelis  buffer  at  pH  2.5. 
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ratio,  the  transitions  of  the  mixtures  were  much  broader  and 
exhibited  two  minima,  indicating  less  ideal  mixing  of  the 
DMPG-Na  : DMP  G -H  forms  (Fig.  30b, c).  This  non-ideality  is 
further  illustrated  in  Fig.  31  where  the  higher-melting 
component  was  seen  as  a  shoulder  on  the  heating  curve 
(Fig»  31a)  but  was  more  clearly  evident  on  the  cooling  curve 
as  a  distinct  peak  at  approximately  29°C.  The  lower-melting 
main  component  in  Fig.  31  had  a  transition  temperature  of 
24  C,  suggesting  a  relatively  pure  DMPG-Na"^"  component,  but 
the  higher  transition  temperature  of  29°C  was  approximately 
15°C  less  than  expected  for  pure  DMPG-H+. 

D.  TITRATIONS  OF  DMPG  IN  AQUEOUS  DISPERSION 

As  attempts  to  obtain  homogeneous  samples  of  DMPG-Na+ 
or  DMPG-H  from  aqueous  suspensions  by  manipulating  the  pH 
of  the  bulk  aqueous  phase  had  been  unsuccessful,  these 
titration  experiments  were  designed  to  examine  the  accessi¬ 
bility  of  the  DMPG  polar  head  groups  to  the  aqueous  medium. 

Titrations  of  sonicated  dispersions  of  PS  (82),  PA 
(125)  and  PI  (126)  had  been  done  by  Abramson  e t  al .  who 
reported  all  the  functional  groups  were  readily  available 
for  titration.  Barton  and  Jevons,  however,  had  reported 
that  the  mult ilamellar  structures  present  in  coarse  aqueous 
dispersions  of  PA  interfered  with  titrations  by  limiting 
the  accessibility  of  the  polar  head  groups  to  the  titrant 
solution  ( 83) . 


Fig.  31.  Differential  thermal  analysis  of  a  mixture 
of  DMPG-Na  and  DMPG-H+. 

(a)  Heating  curve  of  DMPG  extracted  from 
0 . 1M  NaC 1 ;  0.01M  EGTA  at  pH  8.5. 
Hydrated  with  distilled  H20. 


(b)  Cooling  curve  subsequent  to  a. 
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The  titration  experiment  outlined  in  Fig.  32  indicated 
that  the  titration  (Fig.  32a)  and  back  titration  curves 
(Fig.  32b)  were  not  s up e r imp o s ab 1 e .  Extensive  equilibration 
was  allowed  between  addition  of  aliquots  of  NaOH  titrant  on 
the  back  titration  (total  time  for  back  titration  was  -  30 
hr s . )  so  the  hysteresis  observed  was  probably  not  due  simply 
to  diffusion  kinetics.  The  experiments  illustrated  in 
Fig.  33  were  done  to  determine  if  the  hysteresis  resulted 
from  structural  limitations  on  the  availability  of  the  DMPG 
functional  groups. 

Sonication  of  the  titration  mixture  between  titrant 
additions  should  result  in  disruption  of  any  liposomal  or 
vesicular  lipid  structures  (127)  and  consequently  remove 
any  structural  restraints  on  access  of  titrant  to  the  DMPG 
head  groups.  The  differences  between  Fig.  33b  (sonicated) 
and  Fig.  33c  (unsonicated)  have  been  rationalized  as  follows. 
During  titration  of  samples  from  the  initial  pH  %  7.9  to 
pH  2.75,  a  change,  possibly  structural,  occurred  in  the 
DMPG  sample  which  resulted  in  proton  entrapment  and 
rendered  the  polar  head  groups  inaccessible  to  titrant. 

During  back  titration  without  sonication  (Fig.  33c),  the 
rapid  rise  in  pH  between  pH  3  and  pH  7  indicated  a  decrease 
in  H+  availability  for  titration  compared  to  the  sonicated 
mixture  (Fig.  33b).  At  higher  pH,  protons  are  gradually 
released  from  the  unsonicated  dispersions  resulting  in  a 
low  pH  relative  to  the  sonicated  titration  mixtures. 

In  a  study  on  proton  binding  by  PI,  Wills  et  al.  (128) 
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/imoies  HCI  — *■  /mmoles  NaOH 


Figure  311.  Hyste  retie  effect  during  titration  of  IMPf, . 

Titration  of  3  3  ymoles  of  D M P G  in  5.0  ml 

0.14  5M  NaCl.  Curve _ a_ :  Sample  at  initial 

pH  -  7.9  titrated  with  34  y moles  of  HCI 
(.09  7011)  .  Curve  b  :  Back  titration  of 
curve  a  with  NaOH  ( . 0  9  6  7  M )  .  Sample  was 
sonicated  for  2  minutes  prior  to 
titration  and  stirred  mechanically 
throughout  the  titrations. 
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reported  that  at  acidic  pH  (3-4)  unilamellar  vesicles  of  PI 
underwent  a  conformational  change  to  form  "onion-like"  multi- 
lamellar  structures.  Protons  bound  during  this  conformational 
change  became  inaccessible  to  titrant  but  were  gradually 
released  when  the  titration  mixture  was  made  basic  (pH  8-11). 
It  is  possible  that  a  similar  mechanism  causes  the  hysteretic 
effects  observed  during  DMPG  titrations. 

Although  these  titration  data  are  strictly  qualitative, 
the  evidence  that  all  the  polar  head  groups  of  DMPG  are  not 
readily  accessible  to  the  bulk  aqueous  environment  helps  to 
explain  the  inability  to  obtain  completely  protonated  or 
completely  Na+-salt  forms  of  DMPG  by  manipulation  of  the  pH 
conditions  of  aqueous  DMPG  suspensions.  They  may  also  pro¬ 
vide  an  explanation  for  the  reported  minimal  change  in  the 
thermal  behaviour  of  DMPG  when  the  pH  of  the  buffered  medium 
was  lowered  from  7  to  3  (79). 

Our  experimental  data  for  DMPG  (Fig.  30)  and  DPPG 
(Fig.  29)  and  theoretical  treatment  of  electrostatic  effects 
on  lipid  phase  transitions  by  Trauble  e_t  a_l.  (129  ,  130)  and 
Jahnig  (131)  indicate  that,  for  medium  chain  length  phospho¬ 
lipids,  elimination  of  one  negative  charge  per  polar  head 
group  should  result  in  an  increase  in  transition  temper¬ 
ature  of  approximately  17°C.  The  smaller  changes  in  trans¬ 
ition  temperatures  reported  for  DMPG  (79)  and  DLPG  (76) 
when  the  pH  was  changed  from  7  to  3  may  reflect  failure  to 
obtain  a  completely  protonated  sample  by  reducing  the  bulk 
pH  of  the  aqueous  dispersion. 
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E.  THERMAL  BEHAVIOUR  OF  SYNTHETIC  PHOSPHOLIPIDS 
EXAMINED  BY  LIGHT  SCATTERING 

Light  scattering  properties  of  phospholipids  in 
aqueous  dispersions  were  used  as  an  alternate  way  of  examin¬ 
ing  the  thermal  behaviour  of  various  phospholipids  to  corro¬ 
borate  the  differential  thermal  analysis  data.  Of  particular 
interest  was  the  degree  of  transition  cooper at ivity  in  mix¬ 
tures  of  PG(diCn)  with  the  corresponding  PC(diCn),  and  the 
concentration  dependence  of  the  transition  temperature. 

The  transition  widths  determined  by  the  light 

scattering  experiments  are  reported  as  1T^  values.  These 

s  y  o 

values  were  calculated  graphically  and  represent  the  trans¬ 
ition  width  (°C)  for  10%  to  90%  of  the  detectable  intensity 
(Igoo )  change. 

1 •  Temperature  dependence  of  light  scattering 

properties  of  phosphatidylcholines 

Yi  and  MacDonald  have  shown  that  changes  in  the 
refractive  properties  of  lipid  bilayers  in  aqueous  dispersion 
during  the  gel  to  liquid-crystalline  transition  resulted  in  a 
corresponding  change  in  the  amount  of  light  scattered  by  the 
dispersion  (132).  Representative  scans  of  light  intensity 
at  90°  to  the  incident  light  as  a  function  of  temperature 
are  illustrated  for  DMPC  (Fig.  34)  and  DPPC  (Fig.  35). 

Heating  and  cooling  curves  obtained  for  the  same  sample  were 
super imposable .  The  transition  widths  were  1.2°C  and  1.1°C 
for  DMPC  and  DPPC  respectively.  The  approximately  50-fold 
difference  in  the  concentration  of  the  two  samples  (DMPC  - 
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9.5  mg/ml;  DPPC  -  0.164  mg/ml)  did  not  appreciably  alter  the 

transition  widths  (^J?)  . 

s  90 

2 .  Temperature  dependence  of  the  light  scattering 

properties  of  PG;PC  mixtures 

The  phase  transitions  of  DMPG : DMPC  (Fig.  36)  and 
DPP G : DP P C  (Fig.  37)  mixtures  as  detected  by  light  scattering 
were  cooperative  and  were  not  appreciably  different  from  the 
phosphatidylcholine  transitions.  However,  a  slight  broaden¬ 
ing  (decrease  in  cooper  at ivity)  could  not  be  excluded  on  the 
basis  of  our  data. 

Mixtures  of  DMPG : DLP C  in  distilled  water  gave  the 
anomalous  results  illustrated  in  Fig.  38.  On  heating 
(Fig.  38a),  a  decrease  in  I^qo  was  observed,  starting  at 
approximately  4°C,  which  corresponded  roughly  with  the  onset 
of  the  transition  observed  for  this  mixture  with  differential 
thermal  analysis.  However,  beginning  at  16°C,  the  scattered 
light  intensity  increased  sharply  to  I  0  -  50  (T  -  20°C) 

y  u 

then  continued  a  much  slower  rise  as  the  temperature  was 
increased  to  40°C.  Fig.  38b  illustrates  the  cooling  scan 
done  immediately  following  Fig.  38a.  In  the  region  between 
40°C  and  20°C  the  scattered  light  intensity  continued  to  rise 
slowly  to  approximately  20°C  when  a  rapid  drop  in  I9Qo  began. 
The  remainder  of  the  cooling  scan  (20°C  to  8°C)  was  essentially 
the  reverse  of  Fig.  38a.  The  hysteretic  behaviour  observed 
between  20°C  and  40°C  was  reproducible  throughout  a  number 
of  scans.  When  the  aqueous  DMPGrDLPC  mixture  was  made  0 . 1M 
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Fig.  38.  Temperature  dependence  of  intensity  of 
light  scattered  at  90°  from  a  DMPGrDLPC 
aqueous  dispersion.  Incident  wavelength 
=  450  nm.  Sample:  DMPG : DLPC  (50:50)  at 
4.0  mg/ml  in  distilled  l^O.  Sonicated 
briefly  to  disperse  prior  to  scanning. 

(a)  Heating  scan  at  0.21°C/min. 

(b)  Cooling  scan  subsequent  to  a  at 
0. 39°C/min. 
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m  NaCl,  the  hysteretic  behaviour  and  the  rapid  I9Qo  change 
at  approximately  20°C  were  eliminated  and  a  broad  but  com¬ 
pletely  reversible  scan  was  observed  (Fig.  39).  Analogous 
behaviour  was  observed  for  DPPG:DLPC  mixtures  (Fig.  40). 

The  concentration  dependence  of  the  transition 
temperature  and  transition  width  as  determined  by  light 
scattering  is  illustrated  in  Fig.  41.  No  detectable  changes 
in  either  transition  temperatures  or  widths  were  apparent 
within  the  concentration  range  studied  (0.164  to  9.5  mg/ml). 

The  heating  and  cooling  scans  yielded  essentially  identical 
data. 

The  close  agreement  in  transition  temperatures  deter¬ 
mined  by  DTA  (Table  III)  and  light  scattering  (Table  IV) 
confirm  that  this  thermal  property  of  hydrated  phospholipids 
is  not  concentration  dependent.  The  light  scattering  data 
do  not  resolve  the  problem  of  the  cooperat ivity  of  DMPG:DMPC 
and  DPPG:DPPC  mixtures.  Both  light  scattering  and  DTA  indi¬ 
cate  the  cooperativity  (transition  width)  is  essentially  the 
same  for  mixtures  and  single  phospholipids.  Either  the 
mixtures  are  nearly  ideally  miscible  or  the  two  techniques 
used  are  not  sensitive  enough  to  detect  the  deviation  from 
ideality.  Accurate  transition  enthalpy  determinations  for 
the  single  components  and  for  mixtures  could  resolve  this 
problem. 

The  source  of  the  anomalous  light  scattering 
behaviour  of  the  DMPG : DLPC  and  DPPG:DLPC  mixtures  in  dis¬ 
tilled  H20  is  not  known.  Yi  and  MacDonald  (132)  observed 
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Fig.  40.  Temperature  dependence  of  intensity  of 
light  scattered  at  90°  from  a  DPPG:DLPC 
aqueous  dispersion.  Incident  wavelength 
=  450  nm .  Sample:  DPPG:DLPC  (50:50)  at 
4.0  mg /ml . 

(a)  Sample  in  distilled  HO.  Heating 
rate  0.53°C/min. 


(b)  Sample  in  0 . 1M  NaCl.  Cooling  rate 
0. 31°C/min. 
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Fig.  41.  Effect  of  phospholipid  concentration  on  the 
gel-liquid-crystalline  transition  temper¬ 
ature.  Data  obtained  from  light  scattering 
experiments.  Heating  and  cooling  rates  were 
0 . 2  0  C  to  0 . 5  0  C /min .  Open  circles  indicate 
transition  temperatures  of  pure  phosphatidyl¬ 
cholines.  Closed  circles  indicate  trans¬ 
ition  temperatures  of  lipid  mixtures  as 
labelled.  The  bars  represent  values. 

(a)  Results  from  heating  scans. 

(b)  Results  from  cooling  scans. 
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TABLE  IV 


Thermal  Transitions  in  Synthetic 
P h o s p ha t idy 1 g ly c e r o 1 s  and  Phosphatidyl 

Cholines  as  Detected  by  Light  Scattering 


Phospholipid  Tc  *T*q  No.  of 

Composition  °C  S 0 ^  Determinations 


DMPC 

24.48 

1.23 

6 

DPPC 

41 .  65 

1.41 

8 

Ave  for  PCs 

- 

1.32 

14 

DMPG : DMPC 

24  :  76 

24  .  31 

1.  75 

2 

DPPG : DPPC 

48:52 

41.  35 

2  .25 

2 

DMPG : DLPC 

50  :  50 

18.4 

2 

DPPG : DLPC 

50  :  50 

19 . 8 

2 
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hysteretic  behaviour  and  anomalous  changes  in  the  optical 
density  of  sonicated  DPPC  dispersions  and  attributed  these 
to  an  aggregation-disaggregation  phenomenon.  A  temperature- 
dependent  structural  morphology  change  may  also  be  involved 
in  the  anomalous  light  scattering  behaviour  of  the  DMPG : DLPC 
and  DPP G : DLP C  mixtures  although  this  is  strictly  speculation. 

As  the  transition  data  obtained  by  DTA  at  extremely 
high  lipid  concentrations  was  used  to  evaluate  the  lipid 
physical  state-function  relationship  in  prothrombin  activ¬ 
ation  (lipid  concentration  ^  0.2  mg/ml)  it  was  necessary  to 
evaluate  the  concentration  effect  on  the  thermal  behaviour. 
This  was  made  possible  by  correlation  of  the  light  scatter¬ 
ing  and  DTA  results. 

F.  DISCUSSION  OF  THE  PHYSICOCHEMICAL  STUDIES 

1 .  Phosphat idy lg lycerol-Na+  salts 

Within  the  limits  of  the  techniques  used,  the 
thermal  behaviour  of  the  phosphat idy lglyc ero 1-Na"*"  salts 
( d iCn )  wa s  identical  to  the  behaviour  of  the  corresponding 
phosphatidylcholines  (diC^).  The  transition  temperatures  of 
the  PG's  and  corresponding  PC’s  were  the  same  (Table  III). 

The  sharp,  narrow  peaks  of  the  DTA  thermograms  were  indic¬ 
ative  of  highly  cooperative  transitions  and  the  pre-transition 
which  has  been  reported  for  pure  saturated  phosphatidyl¬ 
cholines  (78,80)  was  observed  with  the  phosphat idylglycerols 

The  nature  of  the  thermal  pre-transition  has  not 
been  unambiguously  resolved.  A  conformational  rearrangement 


in  the  polar  head  group  has  been  reported  (133,134)  and 
denied  (135).  The  orientation  of  the  acyl  chains  has  been 
reported  to  change  from  tilted  to  perpendicular  with  respect 
to  the  plane  of  the  bilayer  at  the  pre-transition  temperature 
(136).  Jamak  et  aJL.  (137)  have  concluded  that  the  acyl 
chains  had  a  30°  tilt  relative  to  the  bilayer  phase  which 

was  maintained  until  after  the  main  gel  to  1 iqu id - c r y s t al 1 in e 
trans it  ion . 

A  structured  1^0  matrix  or  intact  hydration  shell  of 
the  polar  head  groups  is  apparently  associated  with  the 
events  of  the  pre-transition  as  reduction  of  the  water  con¬ 
tent  of  a  phosphatidylcholine  sample  to  below  20%  w/w  (137), 
presence  of  ethylene-glycol  (1:1  v/v)  in  an  aqueous  phos¬ 
phatidylcholine  suspension  (138),  or  presence  of  Zn++,  Sn++ 

H — h 

or  Ca  in  the  aqueous  medium  (139),  all  eliminate  the  pre¬ 
transition.  Perturbation  of  either  the  acyl  chain  region 
or  the  polar  head  groups  of  the  bilayers  results  in  elimin¬ 
ation  of  the  pre-transition.  It  appears,  therefore,  that 
the  events  involved  in  the  pre-transition  are  dependent  on 
^  balance  of  interaction  between  hydrophobic  and  hydrophilic 
regions  of  the  bilayer.  There  is  no  indication  a  priori 
that  DMPG-Na  and  DPPG-Na+  should  have  a  pre-transition. 

Until  further  detail  at  the  molecular  level  is  available  to 
aid  interpretation  of  the  nature  of  the  pre-transition,  the 
high  degree  of  similarity  in  the  thermal  behaviour  of  the 
PC's  and  PG's  can  only  be  considered  coincidental.  Neverthe¬ 
less,  the  occurrence  of  a  pre-transition  in  mixtures  of 
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PG  Na  (diCn)  and  PC  (diC^)  implies  the  interclass  and  intra¬ 
class  molecular  interactions  must  be  very  similar  and  supports 
the  conclusion  that  the  miscibility  of  the  two  classes 
approaches  the  ideal. 

2*  -IAe _ effect  of  Ca++  on  the  thermal  behaviour  of  DMPG 

and  DPPG 

In  the  presence  of  Ca  ,  DMPG  was  readily  converted 

to  a  thermally  stable  (T^  =  87°C)  form.  An  equilibration 

time  of  approximately  30  minutes  between  DT A  heating  scans 

was  sufficient  for  the  conversion  to  the  thermodynamically 

stable  species  (Fig.  21b) .  Metastable  behaviour  was 

observed  if  differential  thermal  analyses  were  repeated  at 

time  intervals  shorter  than  approximately  30  minutes.  The 

conversion  of  DPPG  to  a  single  stable  form  (T  =  89°C)  was 

c 

not  as  readily  achieved  as  several  hours  equilibration  were 
required  to  abolish  the  metastable  behaviour  demonstrated 
in  Figs.  19  and  20.  The  low  temperature  endotherm  (T  =  59°C) 
of  the  non-equilibrated  DPPG-Ca++  samples  (Fig.  18c),  the 
endotherm  observed  with  DPPG-Mg++  (Fig.  2211a),  and  the 
endotherm  of  DPPG-H+  (Fig.  221b)  all  occurred  at  the  same 
temperature  and  appeared  to  result  from  the  gel  to  liquid- 
crystalline  transition  of  samples  from  which  the  electro¬ 
static  repulsion  between  the  polar  head  groups  had  been 
eliminated.  Similar  behaviour  is  observed  with  DMPG-Mg++ 

(Fig.  23a)  and  DMPG-H+  (Fig.  30d). 

The  exotherm  immediately  following  the  low  temper- 

fe¬ 
ature  endotherm  in  DMPG-Mg  has  been  attributed  to  a 


■ 
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structural  rearrangement  resulting  in  formation  of  more 
highly  ordered  ’crystal’  structures  from  liposomes  (79).  If 
this  interpretation  is  applicable  to  the  thermal  behaviour 
of  DMPG-Ca  and  DPPG-Ca  ,  it  is  evident  that  the  influence 

■f  n  ■*"+  • 

ot  la  is  greater  on  the  shorter  chain  DMPG  (Fig.  21a)  as 
it  is  able  to  induce  the  structural  rearrangement  without 
prior  melting  of  the  acyl  chains. 

3 •  Summary  of  Ca _ effects  on  thermal  behaviour  o f 

DLPG,  DMPG  and  DPPG  “ 

(a)  DLPG:  Information  obtained  from  references  75 
and  76  included  for  comparison  purposes.  Rapid  equilibration 
to  the  stable,  high  transition  form  (T  =  75°C)  was  attained. 

No  metastable  behaviour  was  reported. 

(b)  DMPG:  Equilibration  to  the  stable  high  trans¬ 
ition  form  (T^  =  87°C)  required  approximately  30  minutes. 

The  exotherm  at  44°C  (possibly  related  to  structural  rearrange¬ 
ment)  was  not  preceded  by  an  endotherm.  Metastable  behaviour 
was  observed  if  there  was  less  than  30  minutes  separating 
heating  scans . 

(c)  DPPG:  Equilibration  to  the  stable  high  trans¬ 
ition  (T  =  89°C)  form  required  two  to  three  hours  between 
DTA  heating  scans. 

4 .  The  effect  of  Mg++  on  the  thermal  behaviour  of  DMPG 

and  DPPG 

DMPG-Mg++  exhibited  metastable  behaviour  (Fig.  23a) 
unless  allowed  to  equilibrate  for  approximately  12  hours 
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between  DTA  heating  scans.  Thermograms  of  the  stable,  high 
transition  DMPG-Mg  consisted  of  a  single  endotherm  at  68°C. 
Partial  conversion  of  DPPG  to  a  Mg  —  complexed ,  stable  form 
( T c  =  76°C)  required  in  excess  of  three  days.  Under  normal 
experimental  conditions  the  effect  of  Mg++  on  DPPG  appeared 
limited  to  charge  neutralization  which  resulted  in  the  simple 
thermogram  illustrated  in  Fig.  22a. 

The  effects  of  divalent  cations  on  anionic  phospho¬ 
lipids  have  been  reported  to  involve  changes  in  hydrocarbon 
chain  packing  (88,94)  and/or  structural  rearrangements  (76, 
79,94)  .  The  facility  with  which  alterations  involving  the 
hydrocarbon  chain  region  of  a  bilayer  can  be  made  should  be 
inversely  proportional  to  the  strength  of  the  intermolecular 
hydrophobic  interactions.  The  differential  thermal  analysis 
data  supported  this  observation.  With  DLPG ,  Mg++  and  Ca++ 
both  formed  stable,  higher  transition  (T  =  75°C)  complexes 
(76,77).  The  DLPG-Ca++  complex  forms  rapidly  -  no  metastable 
behaviour  has  been  reported  (76).  Ca++  converted  DMPG  to  a 
stable  form  ( T ^  =  87°C)  in  approximately  30  minutes  whereas 
Mg++  required  approximately  12  hours  to  produce  a  less  stable 
(T^  =  76°C)  DMPG-Mg++  complex.  Conversion  of  DPPG  by  Ca++ 

to  the  stable  h igh - t r ans i t ion  form  (T  =  89°C)  required 

•f'4’ 

approximately  3  hours  while  Mg  required  three  days  to 
produce  any  alterations  in  excess  of  those  expected  due  to 
charge  neutralization  of  the  polar  head  groups.  In  addition 
to  differences  in  the  kinetics  of  formation  of  PG-divalent 
cation  complexes  due  to  changes  in  acyl  chain  lengths,  the 
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absolute  change  in  the  thermal  behaviour  also  varied.  Form¬ 
ation  of  the  stable,  high  transition  PG-Ca++  complex  resulted 
in  an  increase  in  transition  temperature  (relative  to  PG-Na+) 

of  77  C  (  7  6),  6  3  °  C  and  48°C  for  DLPG ,  DMPG  and  DPPG  respect¬ 

ively. 


This  inverse  linear  relationship  between  the  maximal 
effect  of  Ca  on  the  thermal  behaviour  of  the  PG’s  and  the 
length  of  the  PG  acyl  chains,  as  well  as  the  differences 
observed  with  Mg  and  Ca++,  support  the  hypothesis  that  the 
thermal  behaviour  of  the  PG-divalent  cation  complexes  reflects 
alterations  in  the  acyl  chain  region  of  the  bilayer  which 
become  progressively  more  difficult  to  accomplish  as  the 
hydrophobic  interactions  increase. 


5  •  Postulated  mechanism  for  Ca^~^~  — PG  interactions 

As  previously  discussed,  the  stable  high  transition 
temperature  forms  of  PS-Ca++  and  PA-Ca++  appear  to  involve  a 
1:1  phospholipid  to  Ca++  ratio  which  requires  two  negative 
charges  per  polar  head  group.  The  PS-Ca++  complex  reportedly 
forms  essentially  anhydrous  ’crystals’  (94).  The  morpholog¬ 
ical  similarities  as  detected  by  f r e e z e- f r a c t ur e  electron 
microscopy  of  the  PS-Ca++  (99)  and  DMPG-Ca++  (79)  complexes 
and  the  high  thermal  stability  of  both  complexes  implies  a 
similar  type  of  complex  for  PS-Ca++  and  DMPG-Ca++.  As  the 
PG  polar  head  group  has  a  single  negative  charge,  any  post¬ 
ulated  1:1  PG  to  Ca++  complex  would  involve  a  prohibitively 
large  electrostatic  term.  As  the  effects  of  Ca++  on  the 


thermal  behaviour  of  the  PGs  have  been  demonstrated  to  be 
much  more  profound  than  that  expected  from  elimination  of  the 
charge  repulsion  between  polar  head  groups  the  possibility 
of  polymeric  lattice  structure  must  be  considered. 

X-ray  diffraction  studies  of  lactose-CaBr ^  complexes 
(140)  have  demonstrated  chelation  of  Ca++  by  the  0(3), 

0(4)  and  0(2'),  0(3')  vicinal  hydroxyl  groups  of  the  galac¬ 
tose  and  glucose  moieties,  respectively.  The  chelation  is 

accompanied  by  displacement  of  P^O  from  the  hydration  shell 
++ 

of  the  Ca  .  Analogous  structures  have  been  determined  for 

hydrated  Ca++-galac tose  chelates  (141).  Mixed  Ca++-  chelate 

complexes  have  been  reported  for  several  acid  sugars  involv- 
.  H — h  ++ 

mg  Ca  -carboxyl  group  and  Ca  -vicinal  hydroxyl  group 

chelate  formation  (141,142).  It  appears  probable  that  the 

high  thermal  stability  of  the  PG-Ca++  complexes  and  the 

structural  similarity  with  PS-Ca++  (99)  complexes  results 

from  Ca  chelation  involving  the  anionic  phosphate  groups 

and  the  vicinal  hydroxyl  groups  of  the  PG.  Chelate  formation 

would  result  in  a  complex  entropy  change  due  to  the  increased 

order  of  the  PG-Ca++  complex  and  the  simultaneous  release  of 

++ 

I^O  from  both  the  hydrated  Ca  and  the  hydration  shell  of 
the  PG  polar  head  group. 

It  is  postulated  that  the  dehydration  during  chelate 
formation,  combined  with  structural  rearrangement,  as  pre¬ 
viously  reported  for  DLPG-Ca"*+  (76),  DLPG-Mg++  (76)  and  DMPG- 
Ca++  (79),  accounts  for  the  complex  metastable  behaviour 
observed  during  formation  of  the  thermodynamically  stable 
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forms  of  DMPG-Mg++  (Fig.  23),  DMPG-Ca++  (Fig.  21a)  and  DPPG- 

++ 

a  (Fig*  18c) .  However,  on  the  basis  of  available  data 
it  is  impossible  to  assign  a  specific  cause-effect  relation¬ 
ship  to  the  complex  thermograms. 

It  has  been  reported  that  above  the  transition 
temperature  of  the  stable  form  of  the  DMPG-Ca++  (79)  and 
DLPG-Mg  (76)  complexes  the  closely  packed  ’crystal’ 
structures  were  disrupted  with  concomitant  melting  of  the 
acyl  chains.  This  liquid-crystalline  form  of  the  PG-Ca++ 
complexes  exhibited  substantial  supercooling.  The  exotherm 
which  occurred  on  the  cooling  scan  DTA  thermograms  was  at 
the  same  temperature  (within  experimental  limits)  as  the 
endotherm  obtained  on  heating  a  PG  sample  with  the  polar 
head  group  charge  repulsions  eliminated.  Freeze  fracture 
electron  microscopy  studies  of  DMPG-Mg++  (79)  have  indicated 
liposomal  structures  exist,  both  below  the  low  temperature 
DTA  endotherm  and  above  the  cooling  curve  exotherm,  subse¬ 
quent  to  melting  the  stable  ’crystal’  structures.  It  appears, 
therefore,  that  thermal  disruption  of  the  ’crystal’  structures 
resulted  in  formation  of  1 iquid- c r y s t a 1 1 ine  liposomes  which 
underwent  a  liquid-crystalline  to  gel  transition  at  a  T 

c 

characteristic  for  'charge  neutralized'  liposomes.  The  trans¬ 
ition  of  the  thermodynamically  stable  PG-Ca++  form  at  high 
temperature  apparently  facilitated  rehydration  of  the  PG 

polar  head  groups.  This  hydrated  PG  form  was  above  its  T  and 

c 

so  could  be  cooled  substantially  before  the  1 i q u id- c r y s t a  1 1 ine 
to  gel  transition  occurred.  Experimental  evidence  for  this  is 


. 


,  from  which 


illustrated  in  Fig.  42.  A  sample  of  DPPG-Ca++ 
excess  H^O  had  been  removed  with  a  microliter  syringe  and 
by  brief  drying  (30  min.)  in  vacuo  at  room  temperature,  had 
a  heating  thermogram  (Fig.  42a)  similar  to  that  observed 
with  'equilibrated'  samples  in  excess  H20.  This  'dehydrated' 
sample  did  not  demonstrate  the  complex,  metastable  behaviour 
usually  observed  with  hydrated  samples  (Fig.  18c).  The 
cooling  curve  of  this  'dehydrated'  sample  (Fig.  42b)  con¬ 
sisted  of  an  exotherm  at  approximately  90°C.  No  exotherm 
was  visible  at  58°C  as  was  usual  for  hydrated  samples 
(Fig.  18b) .  Addition  of  H^O  to  the  sample  and  subsequent 
equilibration  resulted  in  the  heating  thermogram  observed 
in  Fig.  42c.  The  cooling  curve  consisted  of  a  single  exo¬ 
therm  at  58°C  (Fig.  42d). 

6 •  Summary  of  the  postulated  mechanism  for  the  effects 

of  C a+^~  on  the  thermal  behaviour  of  DMPG  and  DPPG 

1.  Charge  neutralization  of  DMPG  or  DPPG  polar  head 
groups  by  H  or  divalent  cations  results  in  an  increase  in 
transition  temperature  of  approximately  17°C. 

2.  At  a  1:2  ratio  of  Ca++:PG  both  DMPG  and  DPPG 
undergo  a  dehydration  process,  accompanied  by  chelation  of 
Ca++  by  the  vicinal  hydroxyl  groups  of  the  PG,  and  a  conform¬ 
ational  rearrangement  which  results  in  a  stable  'crystal' 
structure . 

3.  Melting  of  the  stable  'crystal'  structure  at 

T  =  87-89°C  facilitates  rehydration  of  the  polar  head  groups. 
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Figure  42.  Effect  of  dehydration  on  thermal  behaviour 
of  DPPG-Ca++. 

DPPG  sample  previously  hydrated  with  10  yl 
of  1.0M  CaCl2  was  partially  dehydrated  by 
removing  excess  H2O  with  a  yl  syringe  and 
by  drying  _in  vacuo  for  approximately  30 
min.  at  room  temperature. 

(a)  Heating  curve. 

(b)  Cooling  curve  subsequent  to  a.  Due  to 
rapid  cooling  required  to  prevent  the 
sample  from  boiling  at  T  >  90°C  only 
the  low  temperature  side  of  the  cooling 
curve  exotherm  could  be  recorded. 

(c)  Heating  curve  after  the  sample  had 
been  rehydrated  with  10  yl  of  dis¬ 
tilled  H^O  and  re-equilibrated. 

(d)  Cooling  curve  subsequent  to  c. 


Endo 
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4.  The  rehydrated  form  is  thermally  equivalent  to 
a  hydrated  'charge-neutralized'  sample  and  is  metastable. 


7 •  The  effects  of  Ca _ on  the  thermal  behaviour 

of  PG:PC  mixtures 

Relatively  small  amounts  of  PC  in  PG  samples 
inhibited  the  formation  of  the  high  transition  (T  =  87-89°C), 

■f  ■{“ 

PG-Ca  'crystal*  structures.  This  is  illustrated  in  Fig. 

43a  for  a  mixture  of  DMPG-Ca++ : DMPC  (90:10).  At  a  DMPG-Ca++: 

DMPC  ratio  of  95:5  some  thermal  activity  was  observed  between 

45  C  and  80°C.  The  exotherm  following  the  low  temperature 

endotherm  indicated  some  of  the  structural  and/or  hydration 

changes  usually  observed  with  pure  DMPG— Ca  complexes  may 

have  occurred,  but  the  remainder  of  the  thermogram  was  not 

typical  of  the  stable  'crystal'  form  of  DMPG-Ca++. 

Tocanne  e_t  al.  (75)  have  reported  that  5%  (mole/mole) 

lysylphosphatidylglycerol  (l,2-didodecanoyl-sn-glycero-3- 

p h o s ph o  —  1 ' - ( 3 ' - 0- ly sy 1 ) - s n  —  g 1 y c e r o 1 )  in  DLPG-Ca  inhibited 

formation  of  the  cochleate  cylinders  normally  observed  in 

+  + 

freeze-fracture  electron  micrographs  of  DLPC-Ca 

It  appears,  therefore,  that  relatively  small  amounts 
of  a  lipid  with  a  polar  head  group  different  than  the  main 
component  PG  can  interfere  with  formation  of  the  stable 
'crystal'  PG-Ca++,  possibly  by  preventing  formation  of  a 
chelated  PG-Ca++  lattice. 


In  mixtures  with  PC,  the  behaviour  manifested  by 


++ 


PG-Ca  corresponded  to  that  of  a  hydrated  charge  neutralized 
PG  sample.  The  maximum  increase  in  transition  temperature 
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Figure  43.  Differential  thermal  analysis  of  DMPG- 
Ca++:DMPC . 

(a)  DMPG-Ca++ : DMPC  (90:10).  Hydrated 
with  excess  1 . 0M  CaCl2» 

(b)  DMPG-Ca++: DMPC  (95:5)  in  excess 
1.0M  CaC 1 2 • 


Erido  - AT  - -  Exo 
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was  approximately  18°C  and  no  metastable  behaviour  was 
observed. 

The  non-cooperative  thermal  behaviour  of  mixtures 
such  as  DMPG-Ca : DLPC  (Fig.  16),  DPPG-Ca++-DLPC  and  DPPG-Ca++: 

DMPG  (Fig.  15)  was  interpreted  as  indicating  the  existence, 

within  the  boundaries  of  the  phase  transition,  of  domains 

of  different  composition  enriched  in  either  the  high-  or  low- 

melting  component  of  the  mixture.  The  transition  minima 

for  these  mixtures  were  different  from  the  T  s  of  either  of 

c 

the  components,  so  although  the  miscibility  of  the  components 
was  far  from  ideal,  there  was  no  segregation  into  single 
component  domains. 

The  only  PG:Ca  sample  in  which  evidence  of  complete 
gel  phase  immi s c ib i 1 i t y  occurred  was  DOPG-Ca++ : DSPC  (50:50) 
(Fig.  17);  in  this  case,  the  low  temperature  transition 
occurred  at  -12°C  ,  the  same  as  the  Tc  for  pure  D0PG-Ca++. 

Fig.  44  is  a  schematic  illustration  of  the  sequence 
of  thermal  events  occurring  during  heating  of  a  non- 
cooperatively  melting  DPPG-Ca++ : DOPC  (50:50)  mixture.  During 
heating,  DOPC  enriched  domains  are  the  first  to  become  liquid- 
crystalline.  As  a  result  of  miscibility  of  DPPG-Ca++  in  the 
DOPC  domains,  the  transition  is  centered  at  approximately 
0°C,  about  1 8  °  C  above  the  Tc  for  pure  DOPC.  The  Tc  of  the 
higher-melting  DPPG-Ca++- enriched  phase  is  lowered  due  to 
miscibility  of  DOPC  with  the  gel  phase  DPPG-Ca++  and  to  the 
presence  of  the  liquid-crystalline  DOPC -enriched  component. 

At  the  point  on  the  thermogram  illustrated  by  Fig.  44c,  the 


. 


. 


■ 


' 


. 


bO 

d 

X 

•H 

0) 

Ci 

jo 

3 

o 

4-1 

X 

X 

o 

Cl 

co 

d 

d 

4-4 

a) 

o 

d 

•H 

ai 

CO 

4-1 

> 

d 

cO  O 

co 

X 

0  Pu 

cO 

Ci  o 

d 

0 

O  Q 

o 

o 

4-4 

•H 

TO 

a 

4-1 

o 

C  *H 

•H 

u 

•H 

CO 

o 

TO 

d 

•H 

CO  CO 

<0 

0 

4-4  JO 

j-i 

r-i  CJ 

■u 

0 

d  x 

Cl 

CO  Cl 

t — 1 

(0 

<0  c 

ai 

JO 

Ci  <0 

S 

4-4 

Ci 

o 

a  co 

a) 

x 

o  e 

JO 

d 

•H  o 

4J 

a) 

4-4  X 

• 

• 

•H  b0 

<4-1  O 

0) 

l-t 

CO  <0 

O  P-i 

j-t 

d 

d  Ci 

o 

d 

o 

cO 

d  o 

4J 

o 

Ci  <0 

o  •• 

cO 

o 

4-4  d 

X  H" 

u 

•H 

4J  + 

a) 

c_> 

(0  i — 1 

co  co 

CU  P-4 

Ci  i — 1 

Ci  u 

6 

o 

d  co 

4J  1 

a) 

Q 

4-4  4-4 

co  O 

4-4 

CO  CO 

d  cc 

Ci 

Cl 

X  P-I 

5s 

O 

(0  Cl 

X  Q 

o 

CU  CJ 

•H 

r— 1 

a 

s 

4-1 

P-I 

<0  X 

O  O 

£ 

P-I 

4-4  X 

X 

o 

o 

d 

4->  frO  rH 

£  cr 

cO  d 

a) 

es 

O  X 

0  iH 

CQ 

•H 

►J  X 

04  4-4 

JO  03 

O  04 

cO 

JO 

cn  JO 

'w' 

04 

4-1 

o 

cO 

P-I 

X 

o 

PC 

(0 

•H 

Q 

JO 

X) 

o 

rH  d 

•H 

0)  -rl 

CO 

Cl 

4-4 

d 

d 

0)  O 

•H 

04 

rH  4-1 

• 

1 — 1 

Cu 

O 

1 — 1 

o 

0  X) 

P-i 

cO 

cc 

O  0) 

o 

4-4 

p-i 

CJ  X 

Q 

CO 

CO 

d 

CO  04 

X 

Ci 

4-1 

•rl  4-4 

d 

a 

O 

d 

cO 

04  *H 

X) 

d 

Cl 

O 

X 

o 

d  4-4 

Ph 

d 

•rl 

4-4  O 

Pu 

c r 

4-4 

X  d 

O 

X 

X 

•rl 

t— 1 

CO 

S  co 

X 

d 

X 

o 

CO 

CO 

•H 

CI 

•  CO 

4-4 

d  *rl 

4-4 

4-4 

• 

O  JO 

X 

d 

1 — 1 

<0 

•rl  H 

X 

<0 

(0 

d 

4-4 

•rl 

d 

bO 

•rl 

•H 

JO 

o 

1 — 1 

CO  • 

•rl 

Cu 

4-4 

rH 

d  04 

o 

e 

d 

cO 

co  d 

CO 

o 

CO 

4-1 

U  -H 

X 

o 

d 

co 

4-1  rH 

0 

o 

rH 

0 

X 

Cu 

Cl 

<4H  CO 

X 

(0 

S 

o 

O  4-4 

JO 

o 

1 

CO 

X 

u 

u 

X) 

• 

d  IVrl 

X 

•rH 

4-4 

O  Cl 

d 

C4 

X 

d 

d 

•H  CJ 

X 

d 

(0 

cr 

04 

4-4  | 

X 

04 

JO 

•H 

d 

04  X 

1 

o 

rH 

o 

rH  *H 

X 

o 

•H 

1 

cu 

CU  d 

•rl 

P4 

Ci 

i — 1 

0 

0  CT 

1  d 

o 

d 

04 

O 

O  -rl 

X 

a 

(0 

a 

o 

C_4  rH 

X 

✓“N 

/-n 

r — \ 

o 

X 

04 

s — ✓ 

• — s 

<r 

ai 

ci 

d 

bO 

•H 

Pw 


154 


gel  DOPC  enriched  WM  |.  c.  DOPC  enriched 
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lower  melting  DOPC- enriched  domains  are  liquid-crystalline 
while  the  DPPG- enr iched  domains  are  predominantly  gel.  The 
sequence  of  events  from  Fig.  44a-c  is  not  intended  to  imply 
that  the  miscibility  with  DPPG-enr iched  domains  is  the 
same  for  both  the  gel  and  liquid-crystalline  DOPC- enr iched 
fraction.  Fig.  44e  illustrates  completion  of  the  gel  to  liquid- 
crystalline  transition  sequence  and  does  not  imply  fluid- 
fluid  immiscib ility . 


8 •  Effects  of  cholesterol  on  DMPG-Na+  and  DPPG-Na+ 

in  the  absence  of  Ca++ 

The  effect  of  cholesterol  in  the  thermal  behaviour 
of  DMPG-Na  and  DPPG-Na+  was  similar  to  that  reported  for 
the  cholesterol  effect  on  PCs  (117,143).  At  a  3:1  ratio  of 
PG. cholesterol,  the  cooperativity  of  the  gel— liquid  crys¬ 
talline  phase  transition  was  reduced  (Fig.  24a  -  DMPG; 

Fig.  2  5  d  —  DPPG)  .  A  2:1  ratio  of  PG : choles terol  resulted 
in  elimination  of  the  gel  to  1 i q uid- cr y s t a 11 ine  endotherm. 

9 .  Effects  of  cholesterol  on  PG:PC  mixtures  in 

the  presence  of  Ca++ 

Demel  _e_t  al .  (124)  have  reported  that  in  immiscible 

mixtures  of  acidic  phospholipids  and  phosphatidylcholines 
(DMPG-Na+: DOPC  [50:50];  DMPG-Na+ : DOPE  [50:50]),  cholesterol 
preferentially  eliminated  the  transition  endotherm  of  the 
lower-melting  component  before  decreasing  the  transition 
enthalpy  of  the  higher  melting  phospholipid. 

Our  results  with  DPPG- Ca++ : DLPC : cho les t e r o 1  and 
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DMPG  Ca  : DLP C : ch o 1 e s t e r o 1  indicated  this  preferential 
interaction  did  not  occur  with  partially  miscible  mixtures. 
Instead,  addition  of  cholesterol  to  a  DPPG-Ca++ : DLPC  mixture 
(Fig.  28)  resulted  in  an  increase  in  co op e r a t iv i t y  (decrease 
in  transition  width)  and  shifted  the  transition  minimum  to 
a  temperature  (~28°C)  between  the  two  minima  (^20°C  and 
^52  C)  observed  in  the  absence  of  cholesterol  (Figs.  24b, c). 

The  phase  transition  of  DPPG-Ca  :DLPC  mixtures  was  elimin¬ 
ated  at  a  phospholipid : choles terol  ratio  of  2:1  (Fig.  24d)  , 
in  agreement  with  results  previously  reported  for  phosphatidyl¬ 
cholines  (143)  and  various  phospholipid  mixtures  (124)  .  Our 
data  for  the  non-cooperative  DPPG-Ca  : DLPC : cholesterol  are 
consistent  with  the  concept  that  cholesterol  is  inducing  an 
averaging  effect  which  is  manifested  in  the  broad  single 
endotherms.  Whether  this  effect  is  due  to  increased  misci¬ 
bility  of  the  PC-enriched  and  PG-enriched  components  or  to 
an  increase  in  fluidity  of  the  PG-enriched  component  concom¬ 
itant  with  a  decrease  in  fluidity  of  the  PC-enriched  compon¬ 
ent  cannot  be  determined  from  our  data. 

10.  Effects  of  cholesterol  on  DPPG-Ca++  and  DMPG-Ca++ 

The  similarity  of  the  DTA  heating  curves  for  DPPG-Ca++ 

and  DMPG-Ca++  in  the  presence  and  absence  of  cholesterol  indi- 

++ 

cated  that  the  Ca  -PG  interactions  which  cause  the  complex 

metastable  behaviour  are  essentially  unchanged  even  at  a  2:1 

ratio  of  PG  :  ch o 1 es t er o 1 .  This  could  occur  if: 

++ 

(a)  the  binding  of  Ca  to  the  PG  resulted  in  exclusion 


■ 


157 


of  the  cholesterol  from  the  complex, 

(b)  cholesterol  could  be  accommodated  within  the 

lattice  arrangement  required  for  formation  of  the  stable 
++ 

PG-Ca  complex . 

This  latter  possibility  appears  unlikely  as  2:1  phos¬ 
pholipid  :  cho  1  e  s  t  ero  1  ratios  normally  eliminate  any  detectable 
phase  transition  (124,143).  The  elimination  of  the  complex, 
metastable  behaviour  of  PG~Ca++  by  relatively  small  amounts 
of  PC  also  argues  against  a  mechanism  involving  inclusion  of 

substantial  quantities  of  a  second  component  within  the 
++ 

stable  PG-Ca  complex. 

Although  the  cholesterol-induced  changes  in  the 
PG-Ca  heating  curves  were  relatively  minor,  pronounced 
changes  in  the  cooling  curves  were  apparent  which  could  not 
be  explained  on  the  basis  of  complete  exclusion  of  choles¬ 
terol  . 

The  following  hypothetical  mechanism  is  proposed 

based  solely  on  the  effects  of  cholesterol  on  the  thermal 

+  + 

behaviour  of  the  PG-Ca  complexes.  It  cannot  be  corro¬ 
borated  by  data  available  at  this  time. 

(1)  On  formation  of  a  PG-Ca  complex,  the  choles¬ 
terol  is  excluded  into  the  aqueous  medium  resulting  in  a 
relatively  unaltered  PG-Ca++  thermogram. 

(2)  Above  the  high  temperature  transition  of  the 
stable  ’crystal'  PG-Ca++,  hydrated-liquid  crystalline  lipo¬ 
somes  form  which  permit  inclusion  of  cholesterol.  This 

results  in  a  decrease  in  cooperativity  of  the  liquid-crystalline  to 


* 
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gel  transition  on  cooling  (Fig.  2 4 d ;  25c).  At  a  2:1  ratio 
of  PG : cholesterol ,  the  rehydration  at  high  temperature  is 
transiently  inhibited  and  the  dehydrated  lipid  undergoes  a 

liquid-crystalline  to  gel  transition  at  80-85°C  (Fig.  26c, 
27b)  . 

(3)  The  presence  of  some  cholesterol  in  the  PG-Ca++ 
metastable  liposomes  results  in  increased  fluidity  in  the 
gel  state,  which  is  manifested  in  elimination  of  the  low 
temperature  endotherm  usually  observed  in  heating  thermo¬ 
grams  of  metastable  DPPG-Ca  forms  (compare  Fig.  18e  with 
Fig.  27c),  and  a  shift  of  the  low  temperature  exotherm 
( T c  =  68°C)  to  approximately  55°C.  It  is  proposed  that 
during  the  structural  rearrangement  and/or  dehydration 
events  responsible  for  the  exotherm,  the  cholesterol  is 
excluded  from  the  PG-Ca++ 


complex . 


CHAPTER  V 


COAGULATION  ASSAY  RESULTS 

1 •  Calibration  with  a  lipid  standard 

The  modified  Stypven  test  (121)  described  in  the 
methods  section  was  used  for  all  clotting  assays  as  previous 
use  had  shown  it  to  be  sensitive  to  physicochemical  changes 
in  the  lipid  component  of  the  assay  mixture  and  to  yield 
similar  results  using  either  purified  clotting  factors  or 
crude  reagents  (68).  Concentrations  of  the  Bell  and  Alton 
cephalin  (109)  used  as  a  standard  lipid  were  expressed  as 
micrograms  of  lipid  phosphorus  per  ml  of  buffer.  One  equi¬ 
valent  of  standard  lipid  was  defined  as  equal  to  1  ygP/ml 
cephalin . 

The  clotting  times  obtained  for  lipid  samples  were 
converted  to  equivalents  of  standard  lipid  by  determining, 
from  a  calibration  curve,  the  number  of  equivalents  of 
standard  lipid  required  to  give  a  clotting  time  identical 
to  the  test  sample. 

Fig.  45a  shows  a  typical  plot  of  clotting  times 
obtained  at  37°C  as  a  function  of  standard  lipid  concen¬ 
trations  with  linear  coordinates. 

Calibration  curves  were  constructed  by  plotting  the 
logarithms  of  the  clotting  times  were  versus  the  logarithms  of 
the  concentrations  of  standard  lipid.  Fig.  45b  shows  a 
typical  set  of  calibration  curves  obtained  at  30°C,  37°C 

and  44°C.  The  longer  clotting  times  obtained  at  30°C 
probably  reflect  an  overall  decrease  in  enzyme  activities 
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Figure  45.  Clotting  times  as  a  function  of  Bell  & 
Alton  cephalin  concentration. 

Clotting  assay  mixture:  0.1  ml  Standard 
Normal  Plasma;  0.1  ml  Bell  &  Alton 
cephalin  in  Michaelis  buffer  at  concen¬ 
tration  indicated;  0.1  ml  Russell  viper 
venom;  0.1  ml  CaCl2  (0.025M). 

(a)  Clotting  times  at  T  =  37°C  as  a 
function  of  Bell  &  Alton  cephalin 
concentration  (Linear  coordinates). 

(b)  Logarithm  of  clotting  times  as  a 
function  of  logarithm  Bell  &  Alton 
concentration  at  T  =  30°C,  T  =  37°C 
and  T  =  44°C. 


Clotting  Time  (sec) 
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at  this  temperature.  At  high  lipid  concentrations  (short 
clotting  times)  the  clotting  times  at  37°C  and  44°C  were 
almost  identical.  However,  as  the  lipid  concentration  was 
decreased  (longer  clotting  times),  the  difference  between 
the  calibration  curves  at  44°C  and  37°C  became  progressively 
greater.  This  decrease  in  activity  as  a  function  of  time 
incubated  at  44°C  appears  to  be  related  to  the  thermal 
instability  of  the  SNP  and/or  RVV  reagents.  SNP  and  RVV 
reagents  previously  incubated  at  44°C  produced  inordinately 
long,  non-reproducible  clotting  times.  This  necessitated 
using  the  modified  procedure,  outlined  in  the  methods 
section,  whereby  the  reagents  were  stored  at  37°C  prior  to 
use  in  the  assay  at  44°C. 

2 .  Requirement  for  an  acidic  lipid  component 

Figs.  46,  47,  and  48  show  profiles  of  the  clotting 
activity  versus  lipid  composition  for  the  three  lipid  mix¬ 
tures  at  30°C,  37°C  and  44°C  respectively.  The  pure  PC 
components  exhibited  no  coagulant  activity.  However, 
increasing  the  proportion  of  DMPG  (mole  %)  increased  activity 
to  an  optimum,  beyond  which  a  decrease  was  manifested. 

The  proportion  of  DMPG  (mole  %)  required  for  optimal 
activity  differed  for  different  chain  lengths  of  the  PC 
component.  With  DMPG : DMP C  and  DMPG:DPPC  mixtures,  the 
activity  profile  was  shifted  toward  higher  DMPG  proportions. 

Studies  of  the  correlation  between  negative  surface 
charge  density  and  coagulant  activity  of  lipid  dispersions 
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Figure  46.  Clotting  activity-composition  profiles  for  DMP  0 : P  C 
in  i  x  Lures  at  T  =  3  0  °  C  . 

Assay  mixtures  as  in  Figure  45. 

Lip  Lei  mixtures  prepared  as  in  Methods  (16b). 

Lipid  mixture  concentration:  8  pgP/ral. 
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Figure  4  7.  Clotting  activity-composition  profiles  for  DMPG : 
PC  mixtures  at  T  =  37°C. 

Assay  mixtures  and  .lipid  mixtures  as  in  Fig.  46. 
Procedure  as  outlined  in  Methods  (16c). 
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Figure  48.  Clotting  activity-composition  profiles  for 
DMPG:PC  mixtures  at  T  =  44°C. 

Assay  and  lipid  mixtures  as  in  Fig.  46. 

Assay  procedure  as  outlined  in  Methods  ( 1 6  e )  . 
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have  revealed  an  apparent  requirement  for  an  optimal  surface 
charge  (61,62).  However,  it  was  later  postulated  that  this 
requirement  might  merely  reflect  the  need  for  interfacial 
groups  capable  of  binding  Ca++  in  a  specified  lattice  com¬ 
plementary  to  the  spatial  arrangement  of  the  y-carboxyglut- 
amate  residues  of  the  coagulant  proteins  (63) . 

3 .  Requirement  for  a  1 i qu id - c r y s t a 1 1 ine  (fluid) 

componen  t 

Previous  work  done  in  this  laboratory  using  natur¬ 
ally  occurring  and  catalytically  hydrogenated  bovine  brain 
PS  had  demonstrated  that  one  physical  requirement  for  high 
clotting  activity  was  a  liquid  crystalline  lipid  phase  (68). 
Catalytically  hydrogenated  bovine  brain  PS  was  found  to  be 
inactive  at  37°C  but  activity  could  be  restored  by  the 
addition  of  cholesterol.  Cholesterol  eliminated  the  phase 

transition  of  the  hydrogenated  PS  (T  =  72°C)  as  detected 

c 

by  differential  thermal  analysis,  and  presumably  ’fluidized* 
the  lipid . 

The  initial  series  of  clotting  assays  using  the 
synthetic  PG:PC  systems  was  designed  to  test  the  proposed 
requirement  for  a  liquid  crystalline  lipid  state  for  clotting 
activity.  Clotting  assays  were  done  at  30°C,  37°C  and  44°C 

(Figs.  46,  47,  48)  using  mixtures  of  DMPG : DLPC ,  DMPG : DMPC  and 
DMPG:DPPC,  and  these  activities  related  to  the  physical  state 
of  the  various  lipid  mixtures  at  each  of  the  three  assay 
temperatures  (summarized  in  Table  V).  As  illustrated  by 
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TABLE  V 

Physical  States  of  Lipid  Mixtures  at 
Different  Temperatures 


Lipids 
(%  DMPG ) 

3  0  °  C 

Temperature 

3  7  °  C 

4  4  0  C 

DPP  C-DMPG 

(  0-100%) 

gel 

gel* 

f  1* 

DMPC-DMPG 

(  0-  50%) 

f  1* 

f  1 

f  1 

(60-100%) 

gel* 

melt 

f  1 

DLPC-DMPG 

(  0-  40%) 

f  1 

f  1 

f  1 

(50-  70%) 

ph .  s  ep . 

ph  .  s  ep . 

f  1* 

(80-100%) 

gel 

melt 

f  1 

gel 
f  1 

melt 
ph .  s  ep  . 


gel  phase 

"fluid"  or  liquid  crystalline  phase 
within  melting  range 
phase  separation 


*  predominant  phase 


the  DMP G : DMP C  and  DMPG:DPPC  mixtures  at  30°C  (Fig.  46)  and 
the  DMPG:DPPC  mixtures  at  37°C  (Fig.  47),  lipid  mixtures 
that  were  completely  in  the  gel  phase  at  the  assay  temper¬ 
ature  showed  very  little  clotting  activity.  At  37°C 
(Fig.  47)  the  DMPG:DMPC  mixtures  were  predominantly  liquid 
crystalline  and  showed  a  dramatic  increase  in  activity  com¬ 
pared  to  their  activity  at  30°C. 

At  44°C  (Fig.  48)  there  was  a  further  small  increase 
in  the  activity  of  the  DMPG:DMPC  mixtures  and  an  approximately 
15  fold  increase  in  the  activity  of  the  DMPGrDPPC  above  the 
activity  observed  at  37°C.  At  44°C  both  the  DMPG : DMP C  and 
DMPG:DPPC  mixtures  are  1 iqu id- c r y s t al 1 ine  and  both  attain 
the  same  maximum  activity. 

The  earlier  conclusion  concerning  a  fluid  phase 
requirement  for  clotting  activity  was  therefore  confirmed  by 
these  experiments. 

4 .  Cooperative  and  non-cooperative  phase  transitions 

It  can  also  be  seen  from  Fig.  48  that  the  maximum 
activity  of  the  mixtures  which  show  cooperative  melting 
behaviour  (DMPG:DMPC,  DMPG:DPPC)  was  not  as  great  as  the 
maximal  activity  attained  by  the  non-cooperative  system  of 
DLPC:DMPG.  Furthermore,  the  DMPG:DLPC  mixtures  showed  a 
decrease  in  activity  in  going  from  37°C  (within  the  range 
of  the  phase  transition)  to  44°C  (where  the  mixtures  were 
completely  fluid).  One  explanation  for  this  behaviour  is 
that  the  co-existence  of  two  phases,  one  solid  and  one  fluid. 


( 
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in  equilibrium  at  37°C  provides  a  more  favorable  environment 
than  does  an  entirely  fluid  phase  structure. 

To  confirm  that  the  greater  maximum  activity  observed 
with  the  DMPGrDLPC  mixtures  was  not  merely  the  result  of  these 
mixtures  being  slightly  more  fluid  than  the  DMPG : DMP C  and 
DMPG:DPPC  mixtures  at  the  assay  temperatures,  a  series  of 
experiments  was  conducted  to  compare  the  clotting  activity 
of  the  DMPG:DLPC  with  DOPG:DOPC  mixtures.  At  the  clotting 
assay  temperatures  the  DOPG:DOPC  mixtures  were  40°C  to  60°C 
above  their  transition  temperature.  In  Fig.  49,  the  clotting 
activities  of  the  DMPGrDLPC  and  DOPG:DOPC  mixtures  are  com¬ 
pared  at  3  0  °  C ,  3  7  °  C  and  44°C.  The  DMPG : DLPC  mixtures  were 
distinctly  more  active  at  all  three  temperatures  than  the 
completely  1 iquid- crys tall ine  DOPG:DOPC  mixtures.  This 
result  therefore  confirmed  the  conclusion  outlined  in  the 
previous  paragraph. 

5 .  Fluid  phase  and  fluid-fluid  phase  separation 

Fig.  49  also  shows  that  there  was  a  marked  decrease 
in  the  maximum  activity  of  the  DOPG:DOPC  in  going  from  37°C 
to  44°C.  There  are  several  ways  to  explain  this  observation. 
First,  it  is  possible  that  the  increase  in  entropy  of  the 
DOPC:DOPG  mixtures  at  44°C  compared  to  37°C  may  result  in 
an  energetically  less  favourable  condition  for  either  the 
binding  or  orientation  of  the  coagulant  proteins.  Secondly, 
the  activity  of  the  lipid  may  be  affected  by  the  presence 
of  the  quasicrystalline  clusters  that  have  been  reported  to 
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Figure  49.  Clotting  ac t ivity- comp o s i t ion  profiles  for 
DMPG : DLPC  and  DOPGrDOPC. 

Assay  and  lipid  mixtures  as  in  Fig.  46. 
Procedure  as  in  Methods  (16). 

Assay  temperatures  as  indicated. 
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occur  in  aqueous  dispersions  of  dioleoyl  phospholipids  at 
temperatures  well  above  the  gel-liquid  crystalline  trans¬ 
ition  (145).  These  clusters,  predicted  on  the  basis  of  e.s.r 
studies  using  Tempo  (  2 , 2 , 6 , 6 - t e t r ame t hy lp ip e r id ine- 1 - oxy 1 ) 
and  me t hy 1- 1 2 -n i t r o x i d e s t e ar a t e  probes,  are  described  as 
short-lived,  more  densely  packed  arrangements  of  molecules 
within  an  environment  of  freely  dispersed  molecules.  Onset 
of  formation  of  these  clusters  at  30°C  has  been  proposed  as 
a  possible  explanation  for  the  break  in  Arrhenius  plots  at 
29°C  for  sarcoplasmic  reticulum  [Ca++;  Mg++]  ATPase  from 
rabbit  muscle  (144). 

Similar  anomalous  behaviour  of  Tempo  probes  has 
been  observed  in  lipid  extracts  from  membranes  of  E.  coli 
strain  L8-2  which  are  enriched  in  cis-vaccenate  (cis-^11- 
18:1)  (145).  In  this  study  partition  coefficient  plots  vs. 

1/T  showed  discontinuities  at  46°C,  some  59°C  above  the 
calor imetrically  measured  gel  to  1  i qu id- c r y s t al 1 ine  phase 
transition.  These  anomalous  discontinuities  in  Tempo 
partitioning  have  only  been  observed  in  phospholipids  with 
cis-monoenoic,  e ight een- carbon  acyl  chains  and  consequently 
may  indicate  a  specific  interaction  of  the  Tempo  with  this 
type  of  acyl  substituent  rather  than  an  alteration  in  the 
fluidity  characteristics  of  the  phospholipids.  Although 
these  results  and  the  interpretation  of  them  must  be  viewed 
with  caution,  the  numerous  reports  in  the  literature  of 
memb r ane- b ound  or  phospholipid-reconstituted  enzyme  systems 
which  display  discontinuities  in  Arrhenuis  plots  considerably 
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above  the  completion  of  the  calor imet r ically  determined 
phase  transition  suggests  that  lipid-protein  interactions 
may  be  sensitive  to  changes  in  fluidity  that  are  not  detect¬ 
able  by  current  calorimetric  techniques.  It  is  possible 
that  these  changes  in  fluidity  of  the  liquid  crystalline 
lipids  are  related  to  the  existence  of  quasicrystalline 
clusters.  The  progressive  decrease  in  the  clotting  activity 
of  the  DOPGrDOPC  mixtures  as  the  assay  temperature  is 
increased  from  30  C  to  44  C  may  be  related  to  the  disappear¬ 
ance  of  such  clusters  over  this  temperature  range  (145). 

A  third  possible  explanation  for  the  lowered  clotting 
activity  of  the  D0PG:D0PC  mixtures  at  44°C  is  that  the 
notorious  thermal  instability  of  factor  V  is  more  readily 
manifested  in  the  completely  fluid  DOPGrDOPC  mixtures  than 
in  the  other  mixtures  tested.  Colman  et  a_l.  (53)  have 
shown  that  the  rate  of  inactivation  of  factor  V  was  related 
to  the  type  of  phospholipid  associated  with  the  protein.  At 
3  7  °  C  in  the  presence  of  bovine  brain  PS,  the  factor  V  was 
95%  inactivated  within  2  minutes  while  under  the  same  con¬ 
ditions  in  the  presence  of  egg  PC  there  was  only  12%  inact¬ 
ivation.  While  there  is  no  data  available  for  the  effects 
of  PG:PC  mixtures  on  factor  V  stability,  it  is  possible  that 
factor  V  is  rapidly  inactivated  in  the  presence  of  DOPGrDOPC 
mixtures  and  that  this  inactivation  results  in  the  low 
clotting  activity  at  44°C. 
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6 •  Gel-fluid  phase  separation 

Further  experiments  were  performed  to  determine  if 
the  mere  existence  of  a  phase  separation  was  itself  sufficient 
to  promote  optimal  clotting  activity  or  whether  the  physical 
and  chemical  nature  of  the  resulting  individual  phases  was 
also  important.  Three  lipid  mixtures  were  therefore  selected 
with  a  view  to  obtaining: 

(a)  Widely  separated  thermal  transitions  of  the  two 
components  with  the  zwitterionic  lipid  as  the  major  high- 
melting  component.  DOPG:DSPC  was  selected  for  this. 

(b)  Widely  separated  thermal  transitions  of  the  two 
components  with  the  acidic  lipid  as  the  high-melting  com¬ 
ponent.  DPPG : DOPC  was  selected. 

(c)  An  incompletely  resolved  transition.  DMPG : DLP  C 
was  selected  . 

Each  of  the  three  lipid  mixtures  provided,  at  the  assay  temp¬ 
erature  of  37°C,  an  equilibrium  mixture  of  gel  and  liquid- 
crystalline  phases.  The  mixture  DOPG:DOPC,  completely  liquid- 
crystalline  at  37°C,  provided  a  reference  point  for  this 
comp  ar is  on . 

As  shown  in  Figs.  50  and  51,  the  mixtures  in  which 
the  acidic  lipid  components  were  almost  entirely  in  the  gel 
phase  at  the  assay  temperature  (DPPGrDLPC  and  DPPG:D0PC)  had 
lower  activity  than  mixtures  with  fluid  acidic  lipid  compon¬ 
ents  (DOPG : DSPC  and  D0PG:D0PC). 


175 


Figure  50.  Clotting  activity-composition  profiles  for 
D0PG:D0PC  and  DPPG:DLPC  mixtures. 

Assay  and  lipid  mixtures  as  for  Fig.  46. 
Procedure  as  in  Methods  (16c). 

T  =  3  7  °  C  . 


Equivalents  of  Standard  Lipid 
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Figure  51.  Clotting  activity-composition  profiles  for 
DOPG : DSPC  and  DPPG:D0PC  mixtures. 

Assay  and  lipid  mixtures  as  for  Fig.  46. 
Procedure  as  in  Methods  (16c).  T  =  37°C. 


178 


7 .  Lipid  composition  of  the  active  phases 

In  none  of  the  cases  examined  in  the  preceding 
sections,  where  phase  separations  are  involved,  do  the  two 
transition  temperatures  observed  correspond  to  those  of  the 
two  pure  lipid  components.  This  implies  that  each  of  the 
separating  phases  is  enriched  in  one  or  other  of  the  lipid 
components  but  to  an  extent  less  than  100%.  The  observed 
transition  temperatures  then  presumably  reflect  the  mole 
fraction  of  each  lipid  in  each  of  the  two  phases.  Several 
of  the  results  shown  in  Figs.  46  to  51  indicate  that  the 
clotting  activity  is  dependent  on  the  lipid  composition 
within  each  of  the  phases. 

For  example,  mixtures  in  which  the  acidic  lipid  was 
completely  liquid- crystalline  and  well  above  its  transition 
temperature  had  optimal  activity  at  lower  mole  fractions  of 
acidic  component  than  those  observed  for  mixtures  in  which 
the  acidic  lipid  component  was  partially  in  the  gel  phase 
or  only  slightly  above  its  transition  temperature.  D0PG:D0PC 
mixtures  (Fig.  50)  and  D0PG:DSPC  (Fig.  51)  mixtures  had 
optimal  activity  at  50  mole  %  DOPG.  Mixtures  of  bovine 
brain  PS  and  egg  PC  were  reported  to  show  maximal  activity 
at  35  mole  %  PS  (15).  In  contrast,  DMPG:DPPC  and  DMPG:DMPC 
have  optimal  activity  at  90  mole  %  DMPG  (Fig.  48).  In  lipid 
mixtures  such  as  DMPGrDLPC  (Fig.  47),  DPPG:DLPC  (Fig.  50) 
and  DPPGrDOPC  (Fig.  51)  which  demonstrated  phase  separation 
behaviour  with  the  acidic  lipid  as  the  high-melting  compon¬ 
ent,  the  overall  optimum  was  approximately  70  mole  %  PG .  In 
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these  mixtures  the  high-melting  component  was  enriched  in 
acidic  lipid  and  the  mole  %  PG  of  this  high  melting  compon¬ 
ent  probably  approached  90%  -  the  optimum  observed  with  the 
more  ideally  miscible  lipid  mixtures.  This  was  corroborated 
by  the  observation  that  in  thermograms  of  DMPG : DLP C  mixtures 
at  70  mole  /  DMPG  (Fig.  16)  the  thermographic  minimum 
observed  for  the  high-melting  component  was  at  the  same 
temperature  as  the  minimum  for  the  90  mole  %  DMPG  mixture. 

As  it  is  unlikely  that  the  geometrical  and  chemical  prop- 
er t ies  of  the  lipid  lattice  directly  bound  to  the  coagulant 
proteins  varies  appreciably  with  the  various  PG:PC  mixtures,' 
the  different  mole  fractions  of  PG  required  for  optimal 
activity  of  the  various  mixtures  probably  reflects  the 
influence  of  the  lipid  fluidity  on  the  formation  of  an 
effective  protein-binding  lipid  lattice.  Speculatively, 
with  fluid  components  the  necessary  lipid  lattice  for 
optimal  activity  can  be  sequestered  from  mixtures  with 
relatively  low  mole  fractions  of  acidic  component.  When 
the  acidic  lipid  is  gel  or  only  slightly  above  its  transition 
temperature,  it  cannot  be  readily  sequestered  into  the 
required  lattice  and  consequently  requires  a  much  higher 
ratio  of  acidic  lipid  to  zwitterionic  lipid  to  provide  the 
negatively  charged  sites  in  an  array  suitable  for  binding. 


A.  COMMENT  ON  THE  B  &  A  CEPHALIN  CALIBRATION  CURVES 

Although  the  calibration  curves  constructed  for  the 
clotting  assay  experiments  were  all  qualitatively  similar, 
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enough  quantitative  variation  was  encountered  to  preclude 
direct  comparisons  of  lipid  mixture  clotting  activities 
determined  from  different  calibration  curves. 

To  determine  if  the  method  used  to  disperse  the 
lipid  mixtures  (brief  sonication  ^  60  sec)  was  resulting  in 
heterogeneous  dispersions  which  could  cause  variation  in 
clotting  times,  the  effect  of  sonication  on  B  &  A  cephalin 
and  DMPG:DLPC  mixtures  was  examined.  Sonication  for  30  sec 
resulted  in  an  increase  in  the  clotting  activity  (decreased 
clotting  time)  compared  to  non-s onicat ed  (vortexed)  dis¬ 
persions  (Fig.  52).  Sonication  for  up  to  one  hour  caused 
no  further  increase  in  clotting  activity  so  it  is  unlikely 
that  heterogeneity  of  the  lipid  dispersions  was  the  cause 
of  variation.  The  fact  clotting  times  could  vary  using  the 
same  synthetic  lipid  mixture  with  different  lots  of  SNP  and 
RVV  reagents  led  to  the  conclusion  that  the  quantitative 
variation  was  due  to  minor  variations  in  the  activity  of 
these  latter  two  components.  Consequently,  a  calibration 
curve  was  obtained  for  each  individual  experiment  and  clotting 
activity  comparisons  were  made  only  if  data  from  the  different 
lipid  mixtures  could  be  related,  directly,  to  a  single  cali¬ 


bration  curve. 
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Figure  52. 


Effect  of  sonication  on  clotting  times. 


Sonication  was  performed  in  a  water- 
cooled  cell  at  T  =  20°C.  Assay  and 
lipid  mixtures  as  for  Figs.  45  and  46. 
Bell  &  Alton  cephalin  [2  pgP/ml], 

DMPG : DLPC  (50:50)  [8  ygP/ml]. 
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CHAPTER  VI 

DISCUSSION  -  A  LIPID  PHASE  SEPARATION  MODEL 
FOR  PROTHROMBIN  ACTIVATION 

In  order  to  formulate  a  model  for  prothrombin 
activation,  we  take  into  account: 

(1)  the  specific  lipid  requirement  for  optimal  acti¬ 
vation; 

(2)  the  nature  of  the  individual  lipid-protein  inter¬ 
actions  involved  in  p r o t h r omb ina s e  formation  and  in  prothrombin 
activation.  These  have  been  outlined  in  Chapter  I; 

(3)  current  concepts  of  rotational  and  translational 
diffusion  of  proteins  associated  with  lipid  bilayers  (147). 

Such  processes  may  become  r a t e- 1 im i t ing  in  the  formation  of 
mu 1 t i- p r o t e in  complexes  such  as  pro thr omb inas e . 

A.  DESCRIPTION  OF  THE  MODEL 

(1)  The  reactions  of  prothrombin  activation  occur  at 
the  lipid-water  interface.  Adsorption  of  the  proteins  pro¬ 
duces  a  local  increase  in  their  concentration. 

(2)  The  optimal  structure  of  the  lipid-bilayer  con¬ 
sists  of  two  lipid  phases,  one  comprising  domains  rich  in 
acidic  lipids  the  other  forming  a  matrix  rich  in  the 

zwitterionic  components  (Fig.  53a). 

2  + 

(3)  The  Ca  -mediated  binding  of  prothrombin  and 

2  + 

factor  Xa  occurs  through  Ca  bridges  linking  these  proteins 
to  the  PG-enriched  gel  phase  domains  (Fig.  53b). 

(4)  Increased  molecular  disorder  at  the  domain- 
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Figure  53.  Schematic  illustration  of  prothrombin 
activation  model. 

(a)  Phospholipid  phase  structure  during 
a  thermal  transition.  Adapted  from 
Marsh  e_t  a_l.  (101).  F  indicates 
fluid  or  liquid  crystalline  domains. 

S  indicates  solid  or  gel  phase  lipid. 

I  indicates  phase  boundary  or  inter¬ 
facial  lipid. 

(b)  Phospholipid  phase  structure  as  for 
(a)  incorporating  the  proteins  of  the 
prothrombin  activation  complex.  Pro¬ 
thrombin  (II  =  factor  II)  and  factor 
Xa  bind  to  anionic  phospholipid 
enriched  gel  domains.  Hydrophobic 
interaction  of  Factor  V  (V)  with 

the  lipid  is  facilitated  by  liquid 
crystalline  phase  and/or  interfacial 
lipids.  Mobility  of  the  proteins  in 
liquid  crystalline  phase  and  at  inter¬ 
face  permits  orientation  into  an 
effective  catalytic  unit  (illustrated 
at  bottom  right  corner). 
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boundaries  facilitates  the  accommodation  of  factor  V  in  the 
bilayer  and  permits  lateral  and/or  rotational  protein  mobility 
necessary  for  p r o t e in- p r o t e in  interactions  involved  in  form¬ 
ation  of  the  final  complex  (Fig.  53b) .  The  reported  inter¬ 
action  of  factor  V  with  prothrombin  (23,60)  in  a  region 
(fragment  2)  adjacent  to  the  phospholipid  binding  site 
(fragment  1)  is  compatible  with  this  model. 

B.  IMPLICATIONS  OF  THE  MODEL 

A  primary  feature  of  the  model  is  that  the  lipid 
matrix  should  allow  sufficient  lateral  and  possibly  rotational 
mobility  to  permit  orientation  of  the  pho s pho 1 ip  id- ad s orb e d 
clotting  factors  in  a  cataly t ically  effective  arrangement. 

This  should  be  facilitated  by  a  1  iqu id- c r y s t a 1 1 ine  lipid 
phase.  However,  we  have  demonstrated  that  the  DMPG:DLPC 
mixtures  which  were  only  partially  liquid-crystalline  at  the 
clotting  assay  temperatures  were  more  active  than  completely 
1 i q uid- c r y s t al 1 ine  DOPGrDOPC  mixtures.  Furthermore,  DMPG: 

DLPC  mixtures  were  less  active  in  a  fully  liquid- crystalline 
state  (T  =  44°C)  than  at  lower  temperatures  (30,  37°C)  where 

gel  and  1 i qu id- c r y s t a 1 1 in e  domains  co-existed  (Fig.  49). 

Since  the  design  of  these  experiments  precludes  chemical 
differences  a  physical  origin  of  these  observations  must  be 
sought.  As  discussed  previously,  a  lipid  bilayer  at  a 
temperature  between  the  upper  and  lower  limits  of  a  phase 
transition  exhibits  anomalous  physical  properties.  These 
include  increased  permeability  (79,100),  increased  lateral 
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compressibility  (147)  and  an  increase  in  the  amount  of  domain 
boundary  lipid  (100,101).  These  properties  all  imply  an 
enhanced  disorder  (structural  defect)  in  the  hydrocarbon  core 
of  the  bilayer.  A  lipid  phase  separation  may,  therefore,  be 
more  conducive  to  prothrombin  activation  than  a  purely  liquid- 
crystalline  phase. 

Recent  results  obtained  by  Colman  e_t  a_l.  (148)  may 
also  be  consistent  with  this  hypothesis.  They  observed  that 
factor  V  showed  high  activity  in  combination  with  bovine  PE 
( 1 iqu id- c r y s t a 1 1 in e ) .  Interaction  with  saturated  bovine  PE 
(gel)  resulted  in  greatly  reduced  factor  V  activity.  Mixtures 
of  saturated  PE  and  naturally  occurring  PE  resulted  in  factor 
V  activity  higher  than  that  achieved  with  either  of  the  PEs 
alone.  The  synergistic  effect  of  saturated  PE  and  naturally 
occurring  bovine  PE  mixtures  could  also  be  interpreted  in 
terms  of  a  lateral  phase  separation  leading  to  enhanced 
factor  V-lipid  interaction. 

The  inclusion  of  cholesterol  in  DPPG  vesicles  (1:1 
m/m)  abolished  the  transient  increase  in  permeability  assoc¬ 
iated  with  the  phase  transition  (100).  This  was  attributed 
to  elimination  of  the  DPPG  phase  transition  and  coincidentally 
the  domain  boundaries.  On  the  basis  of  the  proposed  model, 
cholesterol  would  be  expected  to  decrease  the  clotting 
activity  of  DMPG:DLPC  mixtures  by  altering  or  eliminating  the 
domain  boundaries.  Increasing  the  molar/ratio  of  cholesterol 
to  DPPG:DLPC  and  DMPGrDLPC  mixtures  from  (0-0.5)  resulted  in 
a  progressive  decrease  in  clotting  activity  (Fig.  54).  At  a 
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Figure  54.  Effect  of  cholesterol  on  the  clotting 
activity  of  PG:PC  mixtures. 

Samples  of  DPPGrDLPC  (1:1)  or  DMPG:DLPC 
(1:1)  in  CHCl^  and  cholesterol  (also  in 
CHCI3)  were  mixed  in  amounts  required  to 
give  the  indicated  molar  ratios  of  chol¬ 
esterol:  total  phospholipid.  The  chloro¬ 
form  was  removed  under  N2  and  in  vacuo 
at  room  temperature.  The  sample  was 
dispersed  [in  Michaelis  buffer]  by  brief 
sonication,  at  a  phospholipid  concen¬ 
tration  of  8  pgP/ml. 

(a)  Clotting  times  vs  cholesterol : phos¬ 
pholipid  ratios.  Standard  clotting 
assay  at  T  =  37°C. 

(b)  Conditions  as  in  (a).  Clotting  times 
converted  to  equivalents  of  standard 
lipid. 


Equivalents  of  Standard  Lipid  Clotting  Time  (sec) 
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1:1:2  molar  ratio  of  PG:PC:c  hole  sterol  all  mixtures  tested 
showed  extremely  low  activity  (0.1  to  0.2  equivalents  of 
standard  lipid).  The  progressive  decrease  in  clotting 
activity  at  low  PG :  PC :  cholesterol  ratios  is  consistent  with 
the  observed  increase  in  cooperativity  and  apparent  averaging 
effect  of  cholesterol  on  the  thermal  behaviour  of  non- 
cooperat ively  melting  phospholipid  mixtures  (Fig.  28). 

Although  the  proposed  model  lacks  detail  at  the 
molecular  level,  it  is  compatible  with  the  data  on  the  effects 
of  phospholipid  physical  states  on  clotting  activity  and  with 
the  properties  and  interactions  reported  for  the  components 
of  the  prothrombin  activation  complex. 
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